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MILITARY HYDROLOGY

A QUASI-CONCEPTUAL LINEAR MODEL FOR SYNTHESIS OF DIRECT RUNOFF

WITH POTENTIAL APPLICATION TO UNGAGED BASINS

PART I: INTRODUCTION

Background

1. Under the Meteorological/Environmental Plan for Action, Phase II,

Headquarters, US Army Corps of Engineers (HQUSACE), has been tasked to imple-

ment a research, development, testing, and evaluation program that will pro-

vide the US Army with (a) environmental effects information needed to operate

in a realistic battlefield environment and (b) the capability for near-real

time environmental effects assessment of military materiel and operations in

combat. In response, the Directorate for Research and Development, HQUSACE,

initiated the AirLand Battlefield Environment (ALBE) Thrust Program. Under

this new initiative, technologies to provide the field Army with the opera-

tional capability to perform and exploit battlefield effects assessments for

tactical advantage will be developed.

2. Military hydrology, one facet of the ALBE Thrust, is a specialized

field of study that deals with the effects of surface and subsurface water on

the planning and conduct of military operations. In 1977, HQUSACE approved a

military hydrology research program; management responsibility was sub-

sequently assigned to the Environmental Laboratory, US Army Engineer Waterways

Experiment Station (WES), Vicksburg, MS.

3. The objective of military hydrology research is to develop an

improved hydrologic capability for the Armed Forces with :anphasis on applica-

tions in the tactical environment. To meet this overall objective, research

is being conducted in four thrust areas: (a) weather-hydrology Interactions,

(b) state of the ground, (c) streamflow, and (d) water supply.

4. Previously published military hydrology reports are listed on the

inside of the back cover. This report contributes to the ability to calculate

streamflow, which is the basis for developing improved flood-forecasting capa-

bilities for use on ungaged watersheds.
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5. Streamflow synthesis from ungaged basins has long been a subject of

scientific inquiry. A survey of hydrologic literature (Dooge 1976, Singh

1978) suggests three fundamentnl approaches: (a) empirical, (b) conceptual,

and (c) physically based. The first approach comprises empirical relations

for determining some key characteristics of streamflow hydrographs, such as

lag time, peak discharge. time to peak, or hydrograph duration. These rela-

tions are developed by standard curve-fitting methods based on data from gaged

basins and are then applied to ungaged basins with the hope that they will

yield satisfactory results. Although such relations can be useful in particu-

lar cases, this approach is, in general, not scientifically sound and is often

discarded in favor of one of the other approaches.

6. The second approach basically incorporates what are referred to as

systems analysis and synthesis techniques (Dooge 1973, Nash and Foley 1982).

These techniques use spatially lumped parameters, although attempts have been

made to make them quasi-distributed (Singh 1979). In other words, they do not

explicitly take into account spatial variability of rainfall or runoff, even

though attempts have been made to partly relax this restriction (Singh 1978).

The major thrust has been to develop the effective rainfall-direct runoff

relationship. Effective rainfall denotes that portion of rainfall which

becomes direct runoff, whereas the remaining portion is denoted as abstrac-

tion. Direct runoff is that portion of streamflow which is composed of sur-

face runoff and quick interflow. It is implicit here that the volume of

direct runoff is equal to the volume of effective rainfall. A classic example

is the unit hydrograph approach, which is the hydrograph of direct runoff at

the outlet of a basin resulting from an effective rainfall of unit volume and

of given duration occurring uniformly in time and space. It is always associ-

ated with the duration of effective rainfall; that is, as this duration

changes, so does the unit hydrograph. Most of these techniques therefore

revolve around estimating the effective rainfall, separating the streamflow

hydrograph, and employing a spatially lumped form (integrated over space) of

the continuity equation in conjunction with a storage-discharge relation. The

effective rainfall determination and hydrograph separation are somewhat arbi-

trary, since these are not well-defined concepts and are based more on conve-

nience than on physical realism.

7. On the other hand, geomorphic techniques have recently been advanced

for hydrograph synthesis (Boyd 1978; Boyd, Pilgrim, and Cordery 1979;
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Rodriguez-Iturbe and Valdes 1979; Rodriguez-Iturbe, Devoto, and Valdes 1979;

Valdes, Fiallo, and Rodriguez-Iturbe 1979; Gupta, Waymire, and Wang 1980;

Wang, Gupta, and Waymire 1981; Rodriguez-Iturbe 1982). These techniques have

added a new dimension to application of geomorphology to the effective

rainfall-direct runoff relationship. However, they remain to be tested on a

wide variety of gaged basins and have yet to be applied to ungaged basins.

8. The second approach is promising but has shortcomings that need to

be properly addressed. First, only that portion of the hydrograph attribut-

able to direct runoff is synthesized. Second, the concepts of effective

rainfall and direct runoff are not well defined. Third, the amount of rain-

fall infiltrating into the ground is determined somewhat arbitrarily, although

there is increasing evidence to support the view that infiltration is one of

the mcit important factors affecting the streamflow hydrograph. Fourth, spa-

tial variability in basin characteristics affecting infiltration, detention

and depression storage, and runoff is not accounted for. Fifth, spatial var-

iability of rainfall cannot be handled analytically in a convenient manner.

Sixth, the parameters appearing in these approaches often have little physical

significance, or they have yet to be correlated dependably with physical

measurements.

9. The third approach employs, in some form, principles of mathemati-

cal physics which are the laws of conservation of mass, momentum, and energy

(Woolhiser 1982). The development of techniques associated with this approach

has paralleled, for the most part, those of the second approach; that is,

development of the effective rainfall-direct runoff relationship has been the

major thrust. The consequence has been twofold: (a) the techniques have been

refined little more than those of the second approach and (b) they have been

less than practical working tools. Their extension to ungaged basins is

neither convenient nor intuitively acceptable.

10. It should be pointed out that a few isolated attempts have been

made to abandon the concept of effective rainfall and to consider infiltration

and runoff simultaneously during and after the occurrence of a rainfall

episode (Smith and Woolhiser 1971; Rovey and Woolhiser 1977; Singh 1976a,

1976b; Singh and Agiralioglu 1980, 1981a, 1981b, 1981c; Sherman and Singh

1976a, 1976b, 1978, 1982). However, these studies have been concerned princi-

pally with overland flow and not with other components of streamflow.
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11. Although physically based techniques have been successfully applied

to analyses of streamfiow hydrographs, their application to hydrograph synthe-

sis for ungaged basins has yet to be made. The reasons are manyfold. First,

these approaches have not been systematically validated. Second, parameters

such as friction factor have been determined by data-fitting and not from

physical measurements. It fs, therefore: not clear if these parameters can

indeed be determined from commonly available measurements and have the same

meaning in the context of streamflow synthesis as they are intended to have.

Third, a systematic data base has not been developed for obtaining an objec-

tive validation of these techniques and their subsequent application to

ungaged basins. Fourth, dynamic interactions with subsurface flow components

of streamflow have been evaded. Fifth, space-time quantification of friction,

geometric complexity, variability of rainfall, and variability in basin char-

acteristics affecting infiltration and runoff characteristics have been some

of the persistent problems yet to be resolved objectively. It is not clear

how much detailed accounting of these factors is needed in streamflow syn-

thesis. No single study can address all of these and related issues.

12. Close scrutiny may suggest that a major breakthrough in streamflow

synthesis on ungaged basins is most likely with a conceptual approach. Recent

studies on applicatioit of geomorphology to basin hydrology, cited previously,

have blended geomorphologic laws with modern hydrological systems analysis and

synthesis techniques. As a result, they may be on the verge of providing a

unified framework for hydrograph synthesis for ungaged basins. This motivated

tie use Uf a .i-conccptl appro-ch in this studv.

Objectives

13. The objectives of this study are (a) to develop a quasi-conceptual

linear model for direct runoff hydrograph synthesis potentially applicable to

ungaged basins, (b) to test this model on gaged basins, and (c) to develop a

computer code for ready use by field engineers.

Scope

14. The theoretical development of the model is presented in Part 1I of

this report. Part III includes an explanation of the model structure and a

6



brief description of each subroutine. In Part IV applications of the model on

five experimental agricultural watersheds are discussed. An illustrative

example showing the calculations required is presented in Appendix A. User

instructions are included in Appendix B and a listing of the program code in

Appendix C.

7



PART II: QUASI-CONCEPTUAL FRAMEWORK

15. For implicity, the assumption is made that the transformation of

effective r..nfall to direct runoff is linear and time-invariant. The problem

of direct runoff hydrograph synthesis then reduces to determining the instan-

taneous unit hydrograph (IUH) utilizing basin morphometry. The approach pre-

sented here was developed by Rodrigue7-Iturbe and Valdes (1979) and

generalized by Gupta, Waymire, and Wang (1980).

16. Let it be supposed that an instantaneous burst of effective rain-

fall having unit volume is injected into the basin. This burst is composed of

a large number of particles n , which are noninteracting. Each of these par-

ticlcs will stay in the basin for a finite period of time TV i = 1, 2,

3,..., n .T i can be referred to as holding time or travel time. If it is

assumed that Ti, I S i ! n, are random variables, then these must te inde-

pendently distributed by virtue of the assumption of noninteraction of parti-

cles. It may be added that the assumption of Ti, i = 1, 2,..., n, being

random is physically plausible.

17. T., i = 1, 2..... n, depends on where the ith particle lands on
1

the basin and as a consequence the path it takes to reach the mouth. The path
is uniquely determined by where it lands in the basin. Obviously, T also

depends on many other factors encountered along the path. The paths available

for these particles to follow are determined by the basin geomorphology in

general and the channel network in particular.

18. Let the basin be of W-order. Then the streams S, , of order i,

= 1, 2,..., W, are available in the basin; clearly, S. denotes the ith
1

order streams. In this approach, channel networks are ordered according to

the Strahler ordering scheme (Smart 1972). A particle goes through a number

ot stzites determined by the structure of the drainage network as it travels

from Its point of landing to the outlet of the basin. These states are com-

posed of overland regions and channels of different orders.

19. A channel state of order i is defined by Ci, I = 1, 2,..., W,

as the collection (ensemble) of all the Strahler channels of that Strahler

order, likewise, an overland region state of order I is defined by ri, i

= 1, ,..., W, as the collection ot all the regions draining directly into
th

the I ordered clhannels. Then each particle will Initially be found in one

of the overland states ri , I = 1, 2, 3,..., W, and its movement will be



governed by the following rules as a consequence of the Strahler ordering

scheme: (a) the only possible transitions out of the state r are of the

form ri + Ci, 1 ! ± < W ; (b) the only possible transitions out of the state

Ci are of the form C i  Cj, j > i, 2 < j ! W + 1, 1 S i W ; and (c) there

is a state CW+l , defined as a trapping state. Transitions out of the trap-

ping state are impossible.

20. These rules define a collection S of paths, S = {s} or scS

which a particle may follow through to the trapping state, that is, the outlet

of the basin. For a basin of ordeL W , there are 2 1 possible paths. To

illustrate, consider a third-order basin as shown in Figure 1, W = 3 . The

path space S = sl,s2P s 3,s4} consists of the following paths:

path sl: r I +C I  C2 +C 3 4 C4

path s 2 rI  C1 + C3 + C4

path s3: r2  C2  C3  C4

path s4: r3 + C3 * C4

21. These specify the spatial paths of a particle through a geomorphic

network of channels and overland regions. The travel time of a particle must

therefore be specified by the particular path it takes to reach the outlet.

The travel time TS is the sum of the times spent by the particle in the

various states forming its path.

TS = TX1 + Tx 2 +... + TxY M > I (1)

where Tx is the time a particle spends in the state x (x = ri or C.i for

some i) and M is the number of states. T is assumed to be a random vari-
x

able. T can have an arbitrary probability density function (PDF), and forx

different states x and y , T and T can have different PDF's. How-x y

ever, T and T are assumed to be independent for x x y . The validity ofx y

this assumption seems plausible from a physical standpoint.

22. If TB denotes the random time that a particle spends in the

basin, then

TB IsT s  (2)

seS

9
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where I is the indicator function for the path s ; that is, I = I ifs s

the particle follows the path s , and I = 0 otherwise. The PDF of TBS

denoted by f B(t) , is obtained as follows:

23. Let A be the ratio of the area of ri  to the basin area Arl w

and Pci ,cj the proportion of channels of oraer i merging into channels of

order j, j > i, 2 < j ! W + I . Obviously PcW'cW+1 = 1 ; this is not

strictly true since a basin of any given order may outlet into a stream sev-

eral orders higher. However, this is convenient and does not affect the

model. Similarly, Pri,ci = I . Then for a path seS of the form s

= {xI , x2,..., xk} where x I , x2,... xk C {C1 , C2,..., Cw; rI, r2, .' rW }
The path probability function is defined as

p(s) = A * P P(3)xl " xl,x2"''xk-l,xk

It should be emphasized that the paths are all distinct. Therefore, the prob-

ability of TB < t is

P(TB < t) P(T s < t) • p(s)

s CS

ZF* F * *F (t) p(s),=t Fx x2 xk. FxseS

s = {x1 2 , xk

where

t = specific time

F = cumulative density function of Tx x
* = convolution operation

Differentiation with respect to t on both sides yields

f (t) f f f p(s) (5)fB~ ~ X1 = x x2 *" fx

sES

where f d -'s the PDF of T . Gupta, Waymire, and Wang (1980) havex x

establi;.e" t .e equivalence of f B(t) and the IUH, h(t) . Therefore,
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h(t) p* f 2  f A *f p(s) (6)

sc S

where h(t) is the result of an instantaneous burst of effective rainfall of

unit volume. If the effective rainfall takes places continuously for some

time, then the direct runoff can be determined by invoking the basin linear-

ity. Stated simply, the convolution integral can be employed as

t

Q(t) = fh(t - T) I(T) dT (7)

0

where

Q(t) = discharge at t

I(t) = effective rainfall

T = variable of integration

Thus, the direct runoff hydrograph synthesis reduces to synthesis of h(t)

using Equation 6.

24. In Equation 6 the path probability function p(s) can be specified

completely from the drainage network morphometry. However, specification of

fxi cannot be entirely based on physical considerations. For simplicity,

fxi is assumed to be exponentially distributed with some parameter K > 0

This is consistent with the assumption of basin linearity. Then f * fxl fx2

* ..* f in Equation 6 becomes the k-fold convolution of independent but

nonidentically distributed exponential random variables. That is,

k

f •X1 2 *fx *fxk(t) = Z C1 k exp (-Kxi t) (8)

where the coefficients Cik are given by Feller (1971) as

Cik = Kl K . Kk [(KX1 - Ki) (Ki 1 - Kxi)...

(K i+1 - Kxi)... .(K k - xi)]-1 (9)

it



in which K ; Kxk unless i = k . Therefore, the IUH is given as

k

h(t) = E j Cik exp (-Kxit) • p(s), (10)

SES i=1

s = xI , x,2,..., x}

25. To apply Equation 10, the parameters Kxi must be determined.
xih

Following Gupta, Waymire, and Wang (1980), the mean holding time of an 1th

order Strahler channel (state) is given by

1L = a(L. l/ 3 , 1 < i < W - (11)
K ci \

where a is an empirical constant and L. is the average channel length of1

order i , which can also be computed as

Ni

Li= . Lji, i = 1, 2,..., W (12)
1 j=1

where N is the number of streams of order i and L is the length ofth 
j

the j stream of order i . Likewise, the mean holding time i/Kri of an

ith order overland region can be given by

K = aAriAw)1/3 , I ! 1 W (13)Kri ii

From a physical point of view, Equations 11 and 13 state that the mean holding

time of a given state is proportional to some "characteristic length" of the

state. The constant a is determined empirically and plausibly may remain

more or less constant from one state to another within a given basin. Addi-

tional work will provide its range of variability on basins of diverse geomor-

phologic characteristics.

12



26. To use Equations 11 and 13, the constant a must be specified.

The first moment of the IUH, h(t) , being equal to the mean holding time of

the basin, KB , can be written as

KB t h(t) dt (14)

0

f t Q(t) dt f t Il(t) dt

KB 0 00 (15)

J Q(t) dt f I(t) dt

_0 0

From Equations 10 and 14 it can be shown that

sS X x2 xk/

s = {x1 , x2, x3 ,..., Xk}

27. If Equations 11 and 13 are substituted into Equation 16, the only

unknown is a . However, KB is estimated following Boyd (1978) as

0.38 (7
KB =b Aw17

where K B is in hours and AW is in square kilometres. The parameter b

must be determined empirically. Thus, for a specified value of KB , a can

be determined. Methods for obtaining b are discussed later.

13



PART III: A QUASI-CONCEPTUAL LINEAR MODEL

28. The quasi-conceptual model based on drainage basin morphometry for

direct runoff hydrograph synthesis (GMHS) consists of a number of subroutines,

each describing a unique component. The arrangement of components, as shown

in Figure 2, depends upon the need for optimization of model parameters. If

optimization is not required, the components are: (1) MAIN, (2) BASIN,

(3) LAG, (4) HOLD, (5) IUH, (6) PRECIP, (7) NEWTON, (8) INFIL, (9) XDATA, and

(10) CONVOL. On the other hand, when optimization of parameters is required,

components are (1) MAIN, (2) BASIN, (3) EXOP, (4) PRECIP, (5) NEWTON,

(6) INFIL, (7) XDATA, (8) BROSEN, (9) OBJECT, (10) LAG, (11) HOLD, (12) IUH,

and (13) CONVOL. A flowchart of the model is given in Figure 3, Pr'i its com-

puter listing is provided in Appendix C. A brief discussion of the subrou-

tines follows.

29. The component MAIN outputs general information on the GMHS model,

initializes parameters, reads in and outputs the model objective, and speci-

fies some inputs required by subroutines later. It also monitors whether

optimization of model parameters is required. Put succinctly, MAIN sets the

stage for the model and the tasks to be performed by it.

30. The rainfall-runoff data are processed by the subroutine PRECIP.

These data are properly arranged, and their units specified. First, the rain-

fall data, which include values of rainfall intensity versus time, are read.

Since time is read in clock-hours, it is reduced to a time series. Runoff

data, which include values of discharge versus time, are then read. Here

also, the time values are reduced to a time series. The runoff data represent

direct runoff. If hydrograph separation needs to be performed for computation

of the direct runoff, a separate subroutine must be provided for this purpose.

31. Effective rainfall and the portion of rainfall not contributing to

direct runoff are computed by using subroutines INFIL and XDATA. The effec-

tive rainfall data are properly arranged. The time difference between the

start of the effective rainfall and that of the direct runoff is noted.

Infiltration capacity is computed as a function of time using the Philip two-

term infiltration model (Philip 1969). If the infiltration capacity is to be

computed by another method, INFIL must be modified accordingly. The infiltra-

tion model has two parameters: (a) sorptivity accounting for capillary

effects and (b) saturated hydraulic conductivity accounting for gravity
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effects. These parameters are computed in an iterative manner based on New-

ton's method with the subroutine NEWTON. It is assumed that sorptivity is

subject to change from one rainfall-runoff event to another on the same basin;

on the other hand, saturated hydraulic conductivity remains fixed for a basin

but may differ from one basin to another.

32. The basin characteristics are analyzed by the subroutine BASIN.

The principal geomorphologic characteristics are (a) basin area, (b) areas of

overland regions, (c) channel lengths, and (d) number of channels of each

order. This subroutine is used to calculate mean channel lengths L. and1

areas of overland regions for each order. Basin lag is computed using basin

area in association with Equation 17 by the subroutine LAG. If a different

method is to be used for computing basin lag, this subroutine must be modified

accordingly.

33. The mean holding times of overland flow and channel flow are com-

puted by the subroutine HOLD, using Equations 11 and 13 and the basin char-

acteristics given by the subroutine BASIN. The instantaneous unit hydrograph

is computed by the subroutine IUH using Equations 9 and 10. To obtaio the

direct runoff hydrograph, the IUH is then convoluted with the effective rain-

fall obtained from the subroutine PRECIP by the subroutine CONVOL, which also

compares computed direct runoff hydrographs with the corresponding observed

direct runoff hydrographs.

34. When optimization of parameters is needed, then some additional

components are used as shown in Figure 2. The subroutine EXOP provides

pertinent information required by the optimization algorithm, including

specification of initial guesses, upper and lower bounds on parameter values,

number of stage searches, and convergence limit.

35. The subroutine OBJECT specifies the objective function to be used

in optimization of model parameters. The objective functiot was defined as

the sum of squares of deviations between observed and computed discharge peaks

and their times of occurrences. A weighting factor was used to assign rela-

tive weights to the two components of the objective function. Not more than

20-percent weight was allocated to the component based on the sum of squares

of deviations between observed and computed peak times.

36. Optimization of parameters is performed by the subroutine BROSEN,

which combines the original Rosenbrock method (Rosenbrock 1960), the Palmer

version (Palmer 1969), and the penalty function method. The problem of

15



optimization is formulated as a constrained minimization problem requiring the

vector always to be an interior point of the feasible set. The subroutines

EXOP and OBJECT provide pertinent information to initiate optimization.
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PART IV: APPLICATION TO NATURAL WATERSHEDS

37. The quasi-conceptual linear model presented previously was verified

on five small experimental agricultural watersheds designated as C, D, G, Y,

and 2-H. These watersheds range in area from 0.0137 to 17.72 km 2 . The avail-

ability of rainfall, runoff, and geomorphic data was the primary consideration

for their selection. The geographic locations of these watersheds are shown

in Figure 4. Watersheds C, D, and G are shown in Figure 5, while watersheds Y

and 2-H are shown in Figures 6 and 7, respectively.

Description of Watersheds

Watershed C

38. Watershed C is located near Riesel, TX. As shown in Figure 8, it

is a second-order watershed having an area of 2.343 km 2 . Its tree-structure

is shown in Figure 9. Its drainage network properties are abstracted from the

topographic rap. The order of channel network, number of channel elements of

each order, and length and area of each channel element are given in Table 1.

Watershed D

39. Watershed D, shown in Figure 10, includes watershed C. Located

near Riesel, TX, it has an area of 4.492 km 2 . It is a second-order watershed

having a tree-structure as shown in Figure 11. Its drainage network proper-

ties are shown in Table 2.

Watershed G

40. Watershed G, located near Riesel, TX, includes watersheds C and D.

2
It has a total area of 17.72 km , as shown in Figure 12. This is a

fourth-order watershed, as shown in Figure 13. Its drainage network proper-

ties are given in Table 3.

Watershed Y

41. Watershed Y, shown in Figure 14, is located near Riesel, TX, and

has an area of 1.251 km 2 . This is a third-order watershed, as shown in Fig-

ure 15. Its drainage network properties are presented in Table 4.

Watershed 2-H

42. Located near Hastings, NE, Watershed 2-H is the smallest of all

watersheds considered in this study. As shown in Figure 16, it has an area of

2
0.0137 km2

. It consists of three channel elements as shown in Figure 17.

17



Table 1

Drainage Network Properties of Watershed C, Riesel, TX

(Watershed Area = 2.343 km 2 )

Serial Channel Length Contributing Area

Number km ft km2  acres

Order 1

1 1.295 4,250 0.833 205.91

2 0.647 2,125 0.232 57.40

3 0.610 2,000 0.272 67.19

4 0.687 2,255 0.257 63.46

5 0.555 1,820 0.230 56.82

Order 2

1 0.88? 2,895 0.519 128.22
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Table 2
Drainage Network Properties of Watershed D, Riesel, TX

(Watershed Area = 4.492 km2 )

Serial Channel Length Contr!_u 'T1 Area

Number km ft km2  acres

Order 1

1 1.295 4,250 0.833 205.91

2 0.647 2,125 0.232 57.40

3 0.609 2,000 0.272 67.19

4 0.687 2,255 0.257 63.46

5 0.554 1,820 0.230 56.82

6 1.143 3,750 0.426 105.40

7 1.256 4,120 0.450 111.25

8 0.838 2,750 0.624 154.32

9 0.480 1,575 0.132 32.51

Order 2

1 2.108 4,940 1.006 168.66

1,975 80.11
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Table 3

Drainage Network Properties of Watershed G, Riesel, TX

(Watershed Area = 17.72 kM 2 )

Serial Channel Length Contributing Area

Number km ft km2  acres

Order 1

1 0.765 2,510 0.646 159.72
2 1.753 5,750 0.989 244.40
3 1.4478 4,750 0.620 153.30
4 2.118 6,950 1.083 267.64
5 0.363 1,190 0.189 46.92

6 0.399 1,310 0.101 24.96
7 1.0866 3,565 0.757 187.05
8 1.256 4,120 0.450 111.25
9 1.143 3,750 0.426 105.40

10 0.555 1,820 0.230 56.82

11 0.687 2,255 0.257 63.46
12 1.295 4,250 0.833 205.91
13 0.648 2,125 0.232 57.40
14 0.610 2,000 0.272 67.19
15 0.838 2,750 0.624 154.32

16 0.480 1,575 0.132 32.51
17 0.777 2,550 0.474 117.21
18 0.686 2,250 0.779 192.53
19 0.533 1,750 0.233 57.51
20 0.3429 1,125 0.097 23.95

21 1.067 3,500 0.625 154.42
22 0.839 2,755 39.15 96.73
23 0.570 1,870 0.310 76.52
24 0.419 1,375 0.116 28.72
25 0.968 3,175 0.528 130.51
26 1.343 4,405 0.680 168.00

Order 2

1 0.917 3,010 0.334 82.53
2 3.216 10,550 1.396 345.06
3 0.326 1,070 0.077 19.12
4 0.954 3,130 0.512 126.60
5 1.646 5,400 0.698 172.53

Order 3

1 3.394 11,136 2.521 623.02
2 0.155 510 0.077 19.14

Order 4

1 0.107 350 0.029 7.31
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Table 4

Drainage Network Properties of Watershed Y, Riesel, TX

(Watershed Area = 1.251 kM 2 )

Serial Channel Length Contributing Area

Number km ft km2  acres

Order I

1 0.395 1,300 0.282 69.655
2 0.097 1,450 0.097 23.938
3 0.332 1,090 0.152 37.673
4 0.094 310 0.094 23.349
5 0.137 450 0.122 30.020

Order 2

1 0.296 970 0.112 27.606
2 0.543 1,780 0.216 50.819

Order 3

1 0.259 850 0.2 41.211

This is a second order watershed. Its drainage network properties are given

in Table 5.

Table 5

Drainage Network Properties of Watershed 2-H, Hastings,

NE (Watershed Area = 0.0137 km2)

Serial Channel Length Contributing Area

Number km ft km2  acres

Order I

1 0.0219 72 5.79 x 0- 3  1.4298

2 0.015 4 0.001 0.2468

Order 2

1 0.062 204 0.007 1.7217
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Rainfall-Runoff Data

43. Rainfall-runoff data for each watershed were obtained from the

US Department of Agriculture publications entitled, "Hydrologic Data for

Experimental Agricultural Watersheds in the United States." These publica-

tions contain the largest yearly flood events, between 8 and 10 for each

watershed. These events were divided into two mutually exclusive groups, one

for optimization of model parameters and the other for model verification.

Numbers of events available for each basin and used for model calibration and

verification are as follows:

Number of Rainfall-Runoff Events
Available Used Used

Watershed for Analysis for Calibration for Verification

C 9 5 4
D 8 4 4
G 8 4 4
Y 8 4 4
2-H 10 5 5

For each rainfall-runoff event, direct runoff was obtained by hydrograph

separation.

Determination of Infiltration

44. Infiltration for each rainfall-runoff event was determined on each

watershed by using the Philip two-term infiltration model (Philip 1969),

f = A + 0.5 St- 0 "5  (18)

where

f = rate of infiltration (cm/hr) at time t

A = parameter approximately equal to saturated hydraulic conductivity

(cm/hr)

S = parameter called sorptivity (cm/hr
0 .5)

The parameter A depends mainly on the soil type and was therefore fixed for

a given basin. Values useA wprp aq fo11ow.
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Watershed Value of A, cm/hr

C 0.254

D 0.254

G 0.254

Y 0.254

2-H 0.508

The parameter S depends on antecedent soil moisture and other physical

characteristics. It was determined for each rainfall-runoff event on each

basin by a volume balance analysis. Its determination on an ungaged basin

remains an unsolved problem.

Parameter Estimation

45. The GMHS has only one unknown parameter in Equation 17. This

parameter h was determined for each basin by using a modified Rosenbrock-

Palmer optimization algorithm (Rosenbrock 1960, Palmer 1969). The values for

the various basins were as follows:

Watershed Value of b, cm/hr

C 0.875

D 0.875

G 1.2734

Y 0.875

2-H 0.875

Instantaneous Unit Hydrograph

46. Using these parameter values, the IUH was determined for each

watershed; the IUHs are shown in Figures 18-22. It is apparent that the IUHs

possess appropriate shape characteristics. For very small watersheds, C for

example (Figure 18), the IUH experiences a quick rise and P quick recession.

As the area increases, the rates of rise and recession become more moderate as

can be observed for watershed G (Figure 20).
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Runoff Prediction

47. The runoff hydrograph was predicted for each event in the predic-

tion set using the parameter b , estimated in the manner set forth in para-

graph 44. Comparisons of observed and predicted runoff hydrographs for sample

events on each watershed are shown in Figures 23-27. The predicted hydro-

graphs compare reasonably well with observed hydrographs with r gard to shape,

time of rise, time of recession, and peak characteristics. The prediction

error in peak discharge and time to peak is as high as 50 percent; in most

cases, though, it is considerably less. Two factors are worthy of note here.

First, antecedent moisture conditions are extremely important. The infiltra-

tion parameter S and the effective rainfall pattern are very sensitive to

the antecedent moisture condition and, as a consequence, so is the runoff

hydrograph. A small change in the effective rainfall pattern results in a

marked difference in runoff hydrograph characteristics. Second, the parameter

b , although determined optimally, may not have represented the range of con-

ditions persisting on a given watershed over a long period of time. This is

due to a relatively small number of ev its being available for its estimation.

The runoff hydrograph is quite sensitive to b since this is the only param-

eter in the TUH. Nevertheless, given model simplicity and its basis in

drainage network morphometry, the prediction results are encouraging. Addi-

tional model testing needs to be done for more definitive conclusions.

Considerations of Basin Size

48. Although the GMHS has been applied to five small gaged basins, its

application is by no means confined to small basins. Large basins have

pronounced variability in rainfall distribution, infiltration rate, and surfi-

cial characteristics, all of which need to be accounted for in the model.

There are two ways to handle this problem. First, the entire basin may be

considered one unit, regardless of how heterogeneous it is. The basin is

represented by a number of paths, each having an associated area corresponding

to an ensemble of the portions of basin area draining into this path. Because

tLese portions are of a heterogeneous nature, hydrologic variables can be

averaged. For example, a certain path drains some of the overland regions of

first order. Rain falling on these regions can be proportioned by their
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respective areas, and the same can be done for infiltration and other

variables.

49. Second, a large basin can be divided such that each subbasin can be

considered a homogeneous unit. The model can then be applied to each sub-

basin, and outputs of the subbasins properly routed to produce the direct run-

off hydrograph of the entire basin. Therefore, the size of the basin does not

appear to be a limitation on model applicability.
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PART V: CONCLUSIONS

50. The following conclusions are drawn from this study:

a. The IUH determined by the model appears to possess appropriate
hydrologic properties. From those generated and examined in

this study, it is apparent that they possess appropriate shape

characteristics. For very small watersheds, the IUH
experiences a quick rise and a quick recession. As the area
increases, however, the rates of rise and recession become more
moderate.

b. The runoff hydrographs predicted by the model compare reason-
ably well with observed hydrographs with reference to shape,
time of rise, time of recession, and peak characteristics. The

prediction error in peak discharge and time to peak was as high

as 50 percent; in most cases, though, it was considerably less

than 30 percent.

c. Antecedent soil moisture and infiltration are extremely impor-
tant for accurate model predictions. The infiltration param-
eter S and the effective rainfall pattern are very sensitive

to antecedent moisture conditions and, as a consequence, so is

the runoff hydrograph. A small change in the effective rain-
fall pattern makes a material difference in the characteristics

of a predicted runoff hydrograph. The runoff hydrograph is
quite sensitive to b since this is the only parameter in the

IUH. The parameter b , although determined optimally in this
study, was probably not representative of the range of condi-

tions that persisted on a given watershed over a long period of

time because of a small number of events available for its

estimation.

d. The b parameter appearing in the lag-area relation, Equa-
tion 17, needs further scrutiny. This parameter should be

related to some physical basin characteristic.

e. The GMHS model is partially based on drainage network proper-

ties. This feature suggests that the model should be appli-

cable to ungaged basins. However, additional model testing

will be needed to make more definitive inferences.
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PART VI: RECOMMENDATIONS

51. This report represents a portion of a larger effort, i.e. the

simulation of streamflow for ungaged basins. Much additional work is needed.

Some fruitful areas of research are as follows:

a. Determination of the volume of direct runoff resulting from a
specified rainfall event is essential for subsequent synthesis
of its associated direct runoff hydrograph. Current procedures
for computing this volume are inadequate and usually are not
applicable to ungaged basins. Despite its crucial importance
in streamflow simulation, this aspect has not been addressed

adequately in hydrologic literature.

b. A study to relate the b parameter in Equation 17 to

measurable basin characteristics is required. This is essen-

tial if geomorphologic approaches are to be used to synthesize

the IUH for ungaged basins.

c. Evaluating the effect of basin size and its ordering on the IUH
is important from a practical standpoint. The detail required

for describing a drainage network should be determined for the

model reported here. For example, is it necessary to represent
a sixth-order basin as it is, or will scaling down to fourth-
order representation suffice?

d. The effects of spatial distribution of rainfall on generation
of direct runoff are not completely known. This is an

important aspect of streamflow forecasting and deserves con-

siderable attention.

e. The sensitivity of the GHMS model to various kinds of errors in
its parameters and inputs needs to be determined. This is
necessary to decide whether the model is adequate, requires

improvement, or can be further simplified without significant
loss of accuracy.

f. For the model to be applicable to ungaged basins, each of its

components needs to be related to measurable basin characteris-
tics. Parameters of the infiltration model might be estimated
in this manner.

A better assessment of the accuracy and reliability of this

model is needed. The level of confidence that can be placed on
model results is not clear.

h. The GHMS model should be compared with others on the basis of
drainage network characteristics. Results of such an effort
will allow for placing the model in its proper perspective,

especially in relation to others.

i. Based on applications made to date, i.e. to small basins, the

GHMS model is best interpreted mathematically in terms of the
standard hydrologic concept of storage elements. In the
future, though, when applied at the subbasin level where
routing becomes an integral part of the overall procedure, the
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GHMS should be interpreted mathematically as representing a
network of storage elements and channels.
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APPENDIX A: AN ILLUSTRATIVE EXAMPLE

Watershed 2-H, located near Hastings, NE, illustrates the highlights of

the quasi-conceptual model. This watershed has been discussed previously in

the main text. The steps involved in using this model are given below.

1. Compute the watershed area. Watershed 2-H has an area of

2
AW = 0.0137 km

2. Order the channel links according to the Strahler ordering scheme as

shown in Figure 16.* Draw the subwatershed boundaries for each channel link.

Watershed 2-H is a second-order basin. Its drainage basin properties are

given in Table 5.

3. Measure the length and area of each link and overland region. For

watershed 2-H, these are shown in Table 5.

4. Compute the average values of length and area for channels and over-

land regions respectively for each order. For watershed 2-H,

LI = 0.0184 km

L2 = 0.062 km
22

AI = 0.00340 km2

A2 = 0.0070 km2

5. Determine the path space and the paths for the watershed. In the

present case, the number of paths is 2(2- 1) 2 . Let the paths be denoted

by s I and s2 . The path space then is S {Sl, s 2 }. The individual paths

are defined as

s : r I  c 1 c 2

s2: r2 
4 c2

6. Compute for each path s1  and s2 the ratio Ari, i = 1, 2 For

the watershed 2-H,

A 0.0068 = 0.496
rl 0.0137

0.007
Ar 2 = 0.0137 = 0.511

7. Compute the quantity P ci,c. In the present case,

2P = - = I
cl,c2 2

* See figures and tables in the main text.
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P1Pc2,c3 =  I

c3  represents the trapping state.

8. Compute the path probabilities p(S) . These will be:

P(s ) = Arl Prl,cl Pcl,c2 = 0.496 x 1.0 x 1.0 = 0.496

p(s 2 ) = Ar2 Pr2,c 2 = 0.511 x 1.0 = 0.511

9. Compute the basin lag. If b in Equation 17* is assumed to be

0.875 and the exponent is 0.38, then

K = 0.875(0.0137) 0 .3  = 0.171 hr

10. Compute the mean holding time of each overland flow region Kri

and each channel order by using Equations 11-13 in conjunction with Equa-

tion 16. For the watershed 2-H,

KB P~d L+ + KI + P~ KL+K

L~B( S rl\ Kc Kc2) prs 2 (c2

1 r w 0.496 x 0.0137)

Krl k2NILI)2x x0014

= a x 0.4520

1/3
1 ( .511 x 0.0137

Kr2  a\2 x 1 x 0.062 /

= a x 0.3836

1 1/3
K = a(0.0184) = a x 0.2640
Kcl

= a(0.062)1/ 3  a x 0.3958
Kc2

* See equations in the main text.
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Therefore,

0.171 = a[(0.4520 + 0.2640 + 0.3958)(0.496)

+ (0.3836 + 0.3958)(0.511)]

= a(0.5514 + 0.3983)

= a(0.950)

This yields

0.171
a = --17 = 0.180

0.950

Using this value of a , then

I = 0.08136 ; K = 12.291
Krl r

K 0.06900 ; Kr2 = 14.483
r2

1
K 0.04752 ; Kci = 21.044
cl

= 0.07124 ; Kc2 = 14.036
c2

11. For each path, arrange values of the inverse of the mean holding

time in a vector according to the elements involved in the path. For the

watershed 2-H,

path sl: < r,, c], c2 > < Kr Kc, K 2>

- 12.291, 21.044, 14.036 >

path s 2: < r2, c2 > - < Kr2' Kc2 > <14.483, 14.306 >

The path probability vector is

p(s): < si, s2 > + < 0.496, 0.511 >
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12. Compute the values of C ijfor each path s 1  and s 2 using Equa-

tion 9. In the present case, the following is obtained for the path s1

C T Kri ci 12.291 x 21.044 __

C1 3  T (K - rd) (Kc2  K1l) (21.044 - 12.291)(14.036 - 12.291)

= 16.934

C K ri rK ci 12.291 x 21.044
23 (K rl- K 1cl)(Kc2  K K1 ) -(12.291 - 21.044)(14.036 - 21.044)

= Ki ri ci .26 12.291 x 21.044
33 (K rl-K c2 )(K ci K K 2) (12.291 - 14.036)(21.044 - 14.036)

--21.151

and for path s 2

C K r2  14.483 = 32.400
12 (K 2 - Kr2) = (1-4.036 -T14.483)

c = KKr2  14.483 =3.0

22 (K r2 - K 2) (14.483 - 14.036)

13. Compute the IUH using Equation 10. For the watershed 2-H, the

following is obtained,

h(t) =[0 13 exp (-K rlt) + 0 23 exp (-K clt) + 0 33 exp (-K c2t)]

p(s 1) + [C 12  exp (-K r2t) + C 2 2  exp (-K c2 t)] p(s2)

= [16.934 exp (-12.291t) + 4.2166 exp (-21.044t)

- 21.151 exp (-14.036t)] 0.496 + [-32.400 exp (-14.483t)

+ 32.400 exp (-14.036t)] 0.511

For different values of time, the instantaneous unit hydrograph (IUll) can be

computed as shown in Table Al.
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Table Al

IUH for Watershed 2-H Located near Hastings, NE

Time Time h(t)

min hr 1/hr

0 0.000 0.0000

2 0.033 0.1954

4 0.067 0.2909

6 0.100 0.3124

8 0.133 0.2906

10 0.167 0.2489

12 0.200 0.2021

14 0.233 0.1579

16 0.267 0.1200

18 0.300 0.0893

20 0.333 0.0653

22 0.367 0.0471

24 0.400 0.0336

26 0.433 0.0238

28 0.467 0.0167

30 0.500 0.0116

32 0.533 0.0081

34 0.567 0.0056

36 0.600 0.0038

38 0.633 0.0026

40 0.667 0.0018

42 0.700 0.0012

44 0.733 0.0008

46 0.767 0.0006

48 0.800 0.0004

50 0.833 0.0003



APPENDIX B: USER INSTRUCTIONS

1. The quasi-conceptual model based on drainage basin morphometry for

direct runoff hydrograph synthesis (GMHS) requires data only on storm rain-

fall, soil infiltration characteristics, and the drainage network characteris-

tics of a basin. Thus, the model can potentially be applied to synthesize

direct runoff hydrographs on ungaged basins. To obtain data on drainage net-

work properties, it is sufficient to have a topographic map, preferably with a

scale of 1:24,000. Topographic maps for most of the basins in the United

States are available from the US Geological Survey. Data on rainfall and soil

infiltration characteristics used in this study were obtained from the

US Department of Agriculture publication entitled "Hydrologic Data on Experi-

mental Agricultural Watersheds in the United States."

2. The GMHS contains a number of subroutines, the use of which depends

upon whether parameter optimization is or is not required. The arrangement or

sequencing of the subroutines is shown in Figure 2.* A computer program was

developed and is available in the form of a Fortran IV deck. The major func-

tions of the program are shown in Figure 3.

3. As for all programs, the preparation of input data is critical.

Some common requirements are as follows. All integer numbers must be right

justified, that is, placed as far to the right in the available field as pos-

sible. Decimal points are necessary unless integer numbers are used. When a

decimal point is used, it must occupy a location in the field Just as an

integer would. For example, the number 19.8934 would require at least seven

spaces in the field. If more than one card of the same format is included in

the deck, the location of the decimal points should be kept the same from one

card to another to facilitate key-punching of the cards. The following dis-

cussion provides information on input variables, data, and formats for

specific subroutines in the program.

* See main text for figures and tables.
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GMHS: MAIN

4. This constitutes the main program. It provides general information

about the model, for example its purpose, and calls for execution of the

model. Its input is given as follows:

a. Specify the purpose of the computer program such as, "The pur-
pose of this program is to synthesize a runoff hydrograph using
drainage network properties." This statement is denoted by PURP
and appears on cards 1 and 2 at the start of the program. The
user may enter any alphanumeric information on columns 1-80 of
two consecutive cards. This is specified as (PURP(1),I=1,40)
using an A-format as FORMAT(20A4). This information will be
printed at the beginning of the computer output to indicate the
purpose of the program.

b. Specify the time interval of computation and the number of
basins under study. These are denoted respectively by DT and
NW and are given on card 3. The format for reading them is
FORMAT(FIO.4,15).

c. Specify the number of rainfall-runoff events for which the
program is to be used. This is denoted by NOBS and specified on
card 4. The format for reading it is FORMAT(15).

d. Spezify the parameter A of the Philip two-term model. This is
denoted by AA and specified on columns 1-10 of card 5. This
parameter is assumed constant for a given basin but may vary
from one basin to another. On the same card are specified EX
and NXM, which denote the exponent of the lag-area relationship
and the number of time intervals of computation. These are
entered into columns 11-20 and 21-25, respectively. The format
for reading all three of them is FORMAT(2F10.4,15).

e. A control designated as KOPT is given on card 6. An integer
number, either 0 or 1, is specified and determines whether
optimization of model parameters is or is not required. When
KOPT is 0, optimization is not needed. When it is 1, optimiza-
tion is needed. KOPT is entered into cclumns 1-5 and read by
the format FORMAT(15). From this point on, the card order is
dependent upon whether or not optimization is performed.

f. If optimization of model parameters is required, then specify
the number of rainfall-runoff events, designated by MOBS, to be
used in optimization. The format for reading it is FORMAT(15).

If optimization of model parameters is not required, then model
parameters must be specified. Provide the lag parameter that is
denoted by PAR. The format for it is FORMAT(FlO.4).

h. Read the number of rainfall-runoff events for prediction. This
is denoted by NOBS. The format for reading it is FORMAT(15).
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Subroutine EXOP

5. The purpose of this subroutine is to set the stage if optimization

of model parameters is needed. The input for this subroutine is given as

follows:

a. Specify the number of parameters for optimization denoted by N,
number of stage searches desired by optimization algorithm

denoted by MST, control value for printing of results of
optimization algorithm denoted by IPT, convergence tolerance
based on change of objective function denoted by EPS, and

weighting factor denoted by WF to be used in defining the objec-
tive function. When IPT = 0 , only the final parameter values
are printed. When IPT = 1 , parameter values at each stage
search are printed. When IPT = 2 , parameter values at each
cycle search are printed. These are read as READ(5,.)N,MST,
IPT,EPS,WF using the format FORMAT(315,FI5.6,F1O.4).

b. Specify initial guesses of the parameters denoted by PAR(I),
I=1,2,...,n, where n is the number of parameters to be opti-
mized. These are necessary to start the optimization algorithm.
These are read as READ(5,.)(PAR(l),I=1,N) with the format

FORMAT(8FI0.4).

c. Specify lower limits of the parameter values denoted by PL(I),
I=1,2,...,n. These are ready as READ(5,.)(PL(I), I=I,N) with

the format FORMAT(8F10.4).

d. Specify upper limits of the parameter values denoted by PU(I),
l=1,2,...,n. These are read as READ(5,.)(PU(I),I=I,N) with the

format FORMAT(8F10.4).

6. The lower ana upper limits define the range from which optimal

parameter values must be derived.

Subroutine OBJECT

7. This subroutine computes the objective function for optimization.

No input is read in this subroutine.

Subroutine PRECIP

8. This subroutine reads rainfall-runoff data for a given watershed.

Employing the information furnished by the subroutines NEWTON and INFIL, it

computes the effective rainfall and arranges it in a proper manner. The input

to this subroutine is given as follows:
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a. Specify the number of rainfall readings in a given event. This
is denoted by NNQ. This is read by READ(5,.)NNQ with the
format FORMAT(15).

b. Specify the date and the watershed on whicti the rainfall event
occurred. This is denoted by INF. The read statement for this
is READ(5,.)(INF(I),I=1,20) with the format FORMAT(20A4).

c. Specify the volumes of rainfall and direct runoff. These are
denoted respectively by RVOL and QVOL. The read statement for
this is READ(5,.)RVOL,QVOL with the format FORMAT(2FI0.4).

d. Specify the rainfall hyetograph where time is given in hours
and minutes and intensity in centimetres per hour. Depending
upon the number of readings, this may be specified on several
cards. The readings in hours, minutes, and intensity are
denoted by ITI, IT2, and QI, respectively. The read statement
for this is READ(5,.)(ITI(I),IT2(I),QI(1),I=1,NNQ) with the
format FORMAT(4(215,FIO.4)).

e. Specify the number of runoff readings. This is denoted by NQQ.
The read statement for this is READ(5,.)NQQ with the format
FORMAT (15).

f. Specify the date and basin on which the runoff event occurred.
This is denoted by INFQ(I). The read statement for this is
READ(5,.)(INFQ(I),I=1,20) with the format FORMAT(20A4).

. Specify the runoff hydrograph where time is given in hours and

minutes and discharge in centimetres per hour. These are
respectively denoted by JTQ1, JTQ2, and QOB. Depending upon
the value of NQQ, these may occupy several cards. The read
statement here is READ(5,.)(JTQI(I),JTQ2(1),QOB(1),Ifi,NQQ)
with the format FORMAT(4(215,FIO.4)).

Subroutine NEWTON

9. The purpose of this subroutine is to determine the Philip infiltra-

tion parameter, sorptivity S . No input data are specified in this

subroutine.

Subroutine BROSEN

10. This subroutine optimizes the parameter values for a given set of

rainfall-runoff events. No input is read in this subroutine.
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Subroutine INFIL

11. This subroutine computes infiltration using the Philip infiltration

model. No input data are specified in this subroutine.

Subroutine XDATA

12. The purpose of this subroutine is to arrange effective rainfall

data at equal time intervals. No input data are required in this subroutine.

Subroutine BASIN

13. This subroutine specifies and computes pertinent geomorphic param-

eters. The input in this subroutine is given as follows:

a. Specify the purpose of this subroutine. This is denoted by
PURP and occupies two cards. The read statement is
READ(5,.)(PURP(I),I=1,40) with the format FORMAT(20A4).

b. Specify general information about the watershed, its location,
its type, etc. This is denoted by INF and will occupy one
card. The read statement is READ(5,.)(INF(I),I=1,20) with

FORMAT(2OA4).

c. Specify the area and order of the watershed, respectively

denoted by A and W. These are given on one card. The read
statement is READ(5,.)A,W with FORMAT(F10.4,15).

d. Each channel element within a watershed is identified by a
label indicating the channel order and sequence number of the

channel element. For example, 1.3 denotes the third channel
element of the first-order channel for watershed G as shown in
Figure 13. This identification of channel elements is con-

venient but not essential. Obtain the channel order having the
highest number of channel elements. Specify this number of

elements by MAX and its order of the channel by OCM on the same
card. The read statement is READ(5,.)MAX,OCM with the format
FORMAT(215).

e. Specify the channel order and the associated number of ele-
ments, denoted respectively by OC and NC. Depending upon the
value of W, these may occupy several cards. The read statement
is READ(5,.)(OC(1),NC(I),I=1,W) with FORMAT(1615).

f. Specify the number of paths available in the watershed, denoted
by MS. The read statement is READ(5,.)MS with FORMAT(15).

. Specify the path and the number of mergers of channels occur-
ring in this path. These are denoted by PAT and MC. The read
statement is READ(5,.)PAT(1),MC with FORMAT(1615).
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h. Specify for each path the number of channels of order i merging
into channels of order j according to the path structure. This
is done by specifying CI, CJ, and ICJ where CI denotes the num-
ber of channels of order I that will merge into a channel of
order J higher than I, and ICJ number of channels of order I
merging into channels of order J. Depending upon the number of
possible paths, this may occupy several cards. The read state-
ment for this is READ(5,.)(CI(J),CJ(J),ICJ(I,J),J=I,MC) with
FORMAT(1615).

i. On a card specify the channel order, denoted by OC. The read
statement is READ(5,.)OC(I) with FORMAT(15).

. Specify the length of each element in a channel of each order.
This is given by NE and CL where NE is the channel element num-
ber and CL the element length. Depending upon the number of
channel elements and the watershed order, this specification
may require several cards. The read statement is READ(5,.)
(NE(J),CL(I,J),J=I,NCC) with the format FORMAT(5(15,FIO.2)).
NCC signifies the number of channel elements of a given order.

k. Specify channel order, denoted by OC, on a card. The read
statement is READ(5,.)OC(I) with FORMAT(15).

1. Specify channel element number (NE) and area draining directly
into the channel (AC). Depending on the watershed order and
the number of elements, it may take several cards to make this
specification. The read statement is READ(5,.)(NE(J),AC(I,J),
J=I,NCC) with FORMAT(5(15,F!0.4)).

m. Specify the path number denoted by PAT. The read statement is
Read (5,.)PAT(I) with FORMAT(15).

n. Specify the path matrix. The spatial evolution of a water
particle through a geomorphic network of overland regions and
channels is perhaps best accounted for by considering the over-
land-channel flow paths that a water particle may take from the
point of its landing to its arrival at the basin outlet. The
specification of these paths for a watershed can be made by
following the transition rules discussed previously. To
illustiate, the overland-channel flow paths for watershed G can
be specified as

s: r - c I  - c2  c3  c4  c 5

s2: r I  cI  c3  c4  c 5
s3: r I  cI  c4  _ 5

$4: r I  _ __ 2  c4  _ c5

$5: r 2  c2  _ 3  c 4  5

S6: r2  c 2  c 3  c4  c 5

$8: r 4  c4  c5
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14. Here c5 is the trapping state. It should be noted that a water

particle always originates in one of the overland regions. Furthermore, a

water particle travels first to the channel element associated with that

overland region and then continues its journey to the outlet through higher

order channel elements. The last state represents the trapping state as

exemplified by c5 for watershed G.

15. The information on the configuration of various overland-channel

flow paths is supplied to the program in the following manner. An array con-

sisting of r,, r2 ,..., rw; cI, c2 ...., cW is considered. For example, in case

of watershed G such an array can be written as

r1, r2 , r3 , r4; ci, c2 c3 , c4
A value of 1.00 or 0.0 is inserted in place of ri or ci, i = 1, 2,..., W,

depending upon whether or not r. or c. is present in a given path. If the1 1

first overland-channel flow path for watershed G is considered, then the

information pertaining to this path can be coded as follows:

1.0, 0.0, 0.0, 0.0, 1.0, 1.0, 1.0, 1.0

Likewise, the entire structure of overland-channel flow paths can be coded as

1.0, 0.0, 0.0, 0.0, 1.0, 1.0, 1.0, 1.0

1.0, 0.0, 0.0, 0.0, 1.0, 0.0, 1.0, 1.0

1.0, 0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 1.0

1.0, 0.0, 0.0, 0.0, 1.0, 1.0, 0.0, 1.0

0.0, 1.0, 0.0, 0.0, 0.0, 1.0, 1.0, 1.0

0.0, 1.0, 0.0, 0.0, 0.0, 1.0, 0.0, 1.0

0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 1.0, 1.0

0.0, 0.0, 0.0, 1.0, 0.0, 0.0, 0.0, 1.0

This coded information on overland-channel flow paths becomes input to the

prograw dLMU :,e~ified by I denoting the path number and PATH denoting an array

corresponding to overland regions and channels appearing in the path. This

read statement is READ(5,.)(PATH(I,J),J=I,WW) with FORMAT(15F5.1).

Subroutine LAG

16. This subroutine computes the lag time using a lag-area relation-

ship. No input is read in this subroutine.
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Subroutine HOLD

17. This subroutine computes holding times for the paths available in

the watershed. No input is read in this subroutine.

Subroutine IUH

18. This subroutine computes the instantaneous unit hydrograph (IUH)

using the geomorphologic formulation. No input is read in this subroutine.

Subroutine CONVOL

19. This subroutine performs convolution of the rainfall excess with

the IUH to determine the direct runoff hydrograph. No input is read in this

subroutine.
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APPENDIX C: GMHS

RELEASE 2.0 MA IN DATE z P3132 23/13/29

c'* MAIN PROGRAM GMHS5 S
C

C ** THIS PPQGRAM SYNTHFSIZrS THE SURFACE PUNOFF HYDVR'GRAPH USINC *
C 55 THE mnnFL. GMHS 'S

DIMENSION C)IJPP(40) ORV(20,8T2)N(2)P(
CnMmnN/O'J/RY,YtI,NX 2)OYI')N10,R1)
COMMOIN/POD/A "sWWW
cnmMrN/POM/"lb EX,W'F, KCPT
COMMON/R7S E/PR
PEAL KR
INTFGFP V!,WW

C 55 FAC CwIVERTS INCHES TO CENTImE-TERS *
C ** CF CONVERTS METERS TO FEET 5
C ** PlJPP(I) SPFCIFIES THE PURPOSE OF THE PROGRAM *
C **5***5*5****** 555******5****5

CF= 3.280q
FAC= 2.54
RFAD(5,5) (PLIPt'( I) ,I =40)

S FORMAT I 20A41
WPITE( 6,10) (PUPPI 11,1=1,40)

10 FnD RMAT I5X, 20A4)

C ** NW SPECIFIES THE NUM9Et? OF BASINS UNDER STUDY S'
C D5 T SPECIFIES THE TIME fNTERVAL nF CnmP'UTATIO)N **

PEA D(5 35) D T, NW
35 FPAI1.,5

WPIT~t46,451 nT,NW
45 FORMAT(5X,vTI4E INTERVAL FOP COMPtJTATTON IN HOUQS IS =',Fl0.4/5X,

11THE NUMPEP nr WATERSHEDS FOP STUDY IS=',15/)
Dn 5') J=I,NW

C *****S********55 5S*S*5*********5*
C ** NODS IS THE NUMBER CF PAJIrALL-PIJNOFF EVENTS F3)P A BSIN *5
C

PEAn(5 15) t' ok
25 FOPMAT!15 )

WRIT:( 6,l00)NS
100 FORM-%T(5X,'JIMOE~p or RAINFALL-RUNtOFF EVENTS AVAILABLE ON THE

IWATEPSHED =*v15/1
C S*~ ****S*S*******S*S*****SS5*SSS
C *i l5 AA IS THE PHILIP INFILTPATI6N PAARAMFTFP NPPPXIMATEIY *
C EQUAL TO THE SATUI'ArEO HYDRAULIC CONDUCTIVITY *
C * EX=ExpnNENT IN THE LAG-AREA RELATION**
C ** NXM IS THE NUMBER OF COMPUTATION TIME INTEOVALS
C 55*5* 5****555**5* ***S5********5*

REA(5,80I AA,EX,NXM
80 FORMAT tFI0.4,I5)

WRITE(6,110) EX
110 FORMAT(5X,IEXPONENT IN THE LAG-AREA RELATION=,F1.4/I

AA=AA*FrC
WITE(6, 105)NXM

105 EOrMPAT(5X,@tNUMflEP OF COMPUTATION' STEPS IS =',151)
WRITFi 6,95)AA

P5 FOPMAT(5X, 'PHILIP PARANETEP A(CM/HRP=,FIO.4/1

C'



RELEASE ?.I MA'IN OATF = 01132 23111120

15 FfP KATb5)
CALL P ASIN (A, I5 MsW, W
IF(KnPT.FQ.0) GD TO 0
WRITF( 6,69)KOPT

65 FOR "Tj5X,'frPTftIZATI(3N OF PAPAMETFvS I,; proUlprl AND) 9PTIMIZATION
M~OPE is1*,Is

C. *********************.**************
C, ~ DEFINE THE ?.UMBEr OF RA1NFALL-P(JNnrF EVENTS TC BE USFO IN *
C ** OPTIMIZATION~ **
C 4*CflVS='JtIMBEP OF PAINIFALL-INOFF EVENTS USE[) IN DAPAMFTEP
C *** (iTIkIZATYON
C ********** ***

READ(5 '25) MCRS
WRITE(6,10) MOBS

30 FfPM4AT(-)x,@'4FEP OF PAINFALL-FUNnFF FVENTS FOR OPTIMIZATION ISO
1 2X,1513
&ALL EXOP(M3RSNXMpAAA)
NOt s=N4ops-mDRs
GO Tn 73

20 WRITE(6,751KOPT
75 FfrPMAT(5X,'PARAP'FTERS APE KNOW~N ANn No nPTIMI7AT!ON IS NECESSARY'f
15WNI OPTIMIZATION CODE TSI,13/)

C. ** PAR IS THE PROPPPTTnNALITY FA~CTOR AND FX THE EX~flNENT IN *
c * LAG-AREA RELATIO) WHFPF APREA IS IN SQUARE KILOmETERS AND *
C. ** KOPT IS ALSO USED AS A CONTROL FOR ORINT!NG OUTPUT IN A *
C ** LAG IN HOURS **
C ** GIVFN SIIRRnlUTINF **
C, *~* *************** ****************

READ(5,55) PAR
55 FCPW~AT(FIO.41

WPRITF( 6,60 )PA0,EX
60C FfPmAT ( ci,'PAPAIFTFR ALOW-A I t LAG( HP r) AREA( Km**?) RELATION IS=$,

1r10.4/5vt I FXDONIENT IN LAG AREA RELATION I '=' Fl '.4/)
RFAD(c ,25) NnPD

7?~ C(INT IN(J
KCDTI=,
,4PI Tr( 6, 96 NOR S

96 FOP'iAT 5X, NUimsp OF RAI NFALL RONOFF EVF NTS FflP OPP) TCTICrN I SO
1 5/1
RflR=PR I
CALL L AG( APARjEY, Kfk I
CALL HOLD(?lS,W,A,V!W,KR,KOPT)
CALL I UH(MSqim4,DTKOPT)
or. 4P I=I,NDckS
CALL PPECIP(NPNODTAAOBOOBOTrA)
CALL XrDATA(NNQNXM,nT)
CALL CONVO L (DT,NXMVQPVQPT,KOPT,A I
Q2FPV= ( OBo- oc I /DOD
QTERQP= ( OPQ T- QPT)I/0 Q T
WR IT r 6, 115) OnO,0D, OE Pr

115 FDRMAT(5X,'0PiS.PFAK DISCHAQGE(C'4,HRI=',r1n.4,2X,'COMR. PFAK
lDISCHAPGE=' IF1.4,2X ,'RELATIVF FPDR=',FIO).4/I
WP ITF( 6 p 120 rOR0T, QPT,OT E. P

120 FrCRMAT(riX, OS.PEAK TIMV: (MIN)=,OF 11.3,2y, ICOIR. PEAK TIME (M4INI=
I I, F IX.3,2X I 'PEL AT IVE E RPROP =,10. 4/)

40) CONTINUE

C2
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50 CONTINUE
STOP
END

C3
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susprUTINE EXOP(OPORS 4N XMAA A

C ** THE PP SE OF THI SBROUTINE IS *TO PF;r*O~v'IDE;PFPTINENT***
C ** INFOPM TIflN REQUIREn RY THF OPTIMI7ATIfll ALGOPITH4.

DIMENSION TI ( 10) qQ 1100) X( 200),P(1091O000),PA.( 10) PL( 10)qPU( 101
IlNXf2C)tOBYI 20),OBYT(2O?

CflMfl?/PPm/O ,E~qWE, KOPT
C0MMOII/0BJ/Q SY,OBYTWNCOMMON/PAR A/PAP,PL,

INTEGER w~i
PEAD(5,5)NMST, IPTEPS WF

5 FPPMAT(31I5,rl5.6,FIO.41

C ** N=NUMBER OF PARAMETERS **
C ** MST=P4UMRE 1,F STAGE SEARCHES DESIRED
C t* PT=O,)---- ONLY THE FINAI PAPAMETER VALUES PPINTED
C I* PT=l ----- !NTEPMEDIATE VALUES OF EACH STAGE SEARCH POINTED *
c * IPT=2 ---- INTERMEDIATE VALUES OF EACH C.YCLF SEARCH PRINTED *
C ** EPS=CONVERGENCE TOLERANCE BASED ON THE CHANGE OF THE
C ** OBJECTIVE FUNCTION **
C ** WF= WEIGHTING FACTCQ TO BE USED IM DEFINING OBJECTIVE
C ** FUNC TIO0N

WRITE(6 IOINtFPS
10 FnpMATt;X,'NUMBREP OF PARAMETEPS =19150W~,CLNVERGIENCE TOLERANCE

IL IM IT=l I E 15.*7/)
WRITEC 611)MST,IPT

15 F0PMAT15X, 'NUP8ER OF STAGF SEARCHES S0ECEFIED=',15w5XtICnDE FOR
IPINTING PAPAMETEP VALUES=4,15/1
WHITC( 6,451WF

45 OrpMAT('SX,*':IGHTING FACTOR USED IN DEFINTIOn? rF ORJECTIVE
1FUNCTlON=' ,Fln.4/l

C **PAR([?=INITIAt GUESIS OF I-TH PARAMETERP *
C *sPL(I)LWER RflUND OF I-TH PAR AI'ETFP
C **PUtII)=lIPPEP BOUND flP I-TH PAPAMETEP

RFAD(S 10)fPA(I),1=I,PJ)
20 FnRtMA]PFIO.4)

REA)(5 121)) DLI I, )9=1N)
READ5,201 I01111) I=1,kN)
WPITF(6,25) (PAPt1 J,Il,N)

25 FDIRMAT15W~ INITIAL PARAMETEP GUESSES ARE',PrF10.4I)

30 FOPMATI5X.' LOWER LIMITS OF PARAMETER VALUES ARE',8F10.4/1
WRlTFI6,35) (PUII1) I1 -1 P

35 FOPMATI5Xv'UPDFP LIMIlTS OF PARAMETER VALUES ARE', 8F10.4/1
DO 40 1=10MO8S
CALL PREC1IP(NNQ#DT,AAOBQ,OBQT#AJ
OBY(I i=OBQ
ORYTII ?=OBOT
CALL )fDATA INNC,NX?-fDT)
NX( I)=NXM
On 37 J=1IgJXMA

37 PtI,j)=X(J)

C4
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40 CONTPIUF
CALL Bir0SEt4(N,MST,IPTtEPSv40BS)
FRETUPN
END

Cs
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S'JBPOUTIrNE 0,BJECT(VALUEwMORSNI
C *88 THIS PRGA PCFE IFOBJECTIVE FUNCTION TO BE USFD IN *

C 88 OPTIMIZATION OF PARAMETERS 8
c * THF OBJECTIVE FUNCTiOn IS DEFINEn HERE AS THE SUM OF SOQUARES 88
r * OF DEVIATIONS BETWEEN OBSERVED AND COmPARED DEAKS AND/OP*8

C. * THEIF TIMES OF OCCUPENCF 8

DIESO P )NX (2 0),P 1000),PPEO)Y(20),X120001,ORV(20)
0,BvYrT( 20 ) PPRCOT ( 2 0 10 1,0f f10

COMMON /0nJ/OBY,OBYT,NX
Cnm~mON/Pop/Aim,MS,w
COM MON / Pft/ 0T , E X ,WF, KnPT
COMMONt/VS/TI ,QI,P
C OMM' /VS x/ x
REAL KP,KB~
INTEGER w WW
WPI T F(6 5; fPPIT),YIpN)

5 FOP;,lAT( k,lINI TIAL PAPAMETER GUESSES APEI,gFlO.4/)
KP=PP( )
CALL LAG(AKPEX,KB)
CALL HOLD (MSWvAWWKB KOPT)
CALL IUHIMS,WW,DTKOPTI
D0 15 1=1,MOBS
NI(M=NX fT
DO 29 J=1,NXM

20 X(JI=P(T,j)I
CAL L c nmvnLf T, NXM ,OP, QPT KnPT A)
PREO(I I)=QP
PREDT( I )=OPT

15 CONTINUE
WRITEC 6,10)
rllP m!I5X, IOBSEPVED PEAK' #Xt @PREDjrT~f)D "AAV ,2x ,ORO-Q'2
1,CPRS.PEAK TIME'92X,IPRED. PEAK TlmfL,2XvlFPRn ARfPOT0Cl/
VALUCI =0.')0
yALE? = 0 *

-)P 2' I=1,Ml)YlS
DFVQ=CBy(I )-PT5DVI I)
TE,'4P=DEVl'*DEV0
VALUrI =VkLUEJ+TEMP
OEVT=0BYTffIl-F0PETC I
TEMPT= DFVT*DEVT
VAL UF2=VAL UE2+TEP4PT
WPTTE6o30) OBYCI ),PPEDY(I),OEVOOB-YT(J),PDT(I),DEVT

30 FOPr.AT6(9X,FlO.4))
25 CONTINUE

VALU)F=WEVALUFI11I.0-WF) *VALUE2
VMQ=VALUEl /FLOATIMOBS)
VPAT=VA LUE2/FLnAT (MOSS)
WRITE6 I35)VAtUF VMQ,VMT

35 FOR14AT(5X9' OBJEtT!VE FUNCTION VALUE=',9E15.7/5X,' MEAN SQUARE
IERROP IN HY OPOGRAPHPFAK-' F15.7/5X,l MEAN SQUARE ERROR IN TIME7
2Tfl HYO)PrOGPAPH PFAK= , E15.f/)
RET UPN
END

C6
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SUBROUTIN.E RASINIANS WWW)

C ** THE PUPPOSE OF THIS SUBROUlINE IS TO PUPVTUF PEPTINENT *
C ** GEC'H4ORPH0LflGic INFORMATION PFOUIPF) RY TH-4 C;MHS M(3nEL

C 1 MENS I ON PUP P(401 , INF12 01, NC (20 1,IC( A202 0),C L (20,5 1A L (20
IAC(20,50)tSAIOlt,(20),PC(20,0 MF ,)PS12Ol,PA(2J),PATH(269 201
1 PATI?0),C 1(201 CJ(20hflC(20):NEM)0
b)MMON /fNE/A 0fN. AL
CPrMr'J/TVMO/PA TH,P S
INTEGER W,WW,fI,CJ,PATOCM,OC
COEr=1 .0
CFF=1. 0

C *~ P!JPP( I) SPEC IFIFS THE PURPOSE OF THIS SUBROUTINE F
C ** TfOF(I GIVES NAME AND LOCATrnN OF THE PASIN

5 FORMAT120A41
WPITE(6,5) (P1URPM 1= I 40)

WP ITFI 6 11( INF(I I1, =1 20)
15 FORMAT (0x,20A4)

C ** THE LENGTH AND ARFA APE IN KIL04ETFRS AND SQUARE KILOME-rFUS *
c P* FSPECTIVELY.IF NOT THEN CHANGE CFF AND COEF FROM 1.0 TO
C * APPPOX'IMATE VALUES
C ** A OEvnTFS S!ASIN AREA. IF AQEA IS NOT IN SQUARE KILO'IET EPS
C ** THEN CONVFRT 1T TO THE SE UNI TS
C *** *******************************.

READ(5,20) A,W
20 FflRmAT F10.4, 19)

A=A*CP0Er
WPITF(6,?1) A,W

21 EOp0-,AT(5X,'SASFN AREAISO KM=,FIO 3,5% ('ROPEP OF THE 8ASTN=',I51l
C ****C n** flA CIVES THE CHANN L 'POEP WHICH HAS H'GHEST NUmBR O-F THF *
C ** EL Fk'FN TS DENOT ED FY Mt.X*
c *****t**** ******************t*******

READ(5,?2) M4X,0CM
22 POPJMAT (219 )

WPRTTE6,25) MAXOCM
25 FOPMATI5X,IMAXIMUM NUMBER OF ELEMENTS=*, 1592X9,IIN CHANNEL GPDER=09

115/ I
f. *** ****sss**s*s*****s******
c * NC IS NU48FP OF CHANNEL ELEMENTS AND OC CHANNEL ORDER P
C

READIS 30) DC( ),NCII), I=1,WI
30 FORMAT (1615

WPITE(6,35) (flCII)rNC(I1,!=1,WI
35 FORMAT (5X, 'CHANNEL ORDER=' ,15,5WNUMBER OF CHANNEL FLEMENTS=1,75)

c **************** *****************
C ** cfl'ptJTE THE NUMBEP OF POSSIBLE PATHS IN THE WATERSHEDS *
C **********************************

MS=2**(W~1)
WPITEI 6,55)'IS

55 Fr1pMAT(5X,vtNgomREP OF POSSIBLE PATHS 1S=',15/1

C7
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c ** READ THF N~4F OF AVAILAfkLF PATHS IN Tmr WATERSHEDS s

READ(5,131) MS
130 FCIP 14AT (15)

WPITFI6tl3n) mS,
135 FflpHATI5X,9t4UM3ER OFE AVAILABILE PATHS IN THIS WATERSHED IS ='105/1

C, ** SPFCIFY THF NUMB.ER OF CHANNELS OF ORDER I 'AERGIN'. INTO CHANNE
r * LS OF O9DEQ J ACCOPOIN, TD THE A~CTUAL OATH COPOrSITIDN
c * PAT DEMOTES PATH NU44RPE. *
C. ** MC. DENO)TES NUM!IEP or MrPGEPS
C. ** CI AND C.J DENOTE OPDEP C'F CHANNFLS I MERGING INTO nRDER J
C * OF CHANNELS J. ICJ IS THE NUmqEcz OF CHANNELS MFQGING
C. ** Pr. IS THE PROPORTION OF CHANNELS Or ORDER I MEQGING INTO
C ** HANNELS OF ORDER j

W~f 36 I= IPMS
REAn(5,371 PAT(I1,MC
REArn5,37) ICICJ),Cjlj),ICJ(I,J) ,J=1,MC)
ME( I W=ic

37 FnR MAT (161 5)
WPITFI64391I PAT(h)tMC

39 FrPMA T(X, tTHI S PA H I S = ',?2X,1 592X, ONUMBFr OF MERGERS 11 , 2X,I 5
I/)
WRITE(6,38) (CI(JlCj(j) ,TCJ(IJ),pj=lmCl

C cc* CO PT PO P ORTION OF CHANNFLS OIF ORDER I MERGING IN TO **
C ** CHANNELFS OF ORDER J ACCORDING To PATH STR.UCTURPE
C **********************************

DO 95 J=10.1C
JJ=CIC J
PCI!, )= FLOATlICJ(1 ,Jfl/FLDATlNCfJJ))

95 CnNTIN4UF
WRITF(69,39)(CII(JICJIJIPC(I,J),J=1,Mf)

100 FnflPATI9X,lPP0PnPTIDN OF CHANNELS or fQnEP',2X,Y5,2X,lMERGIN, INTO
I CHANNFIS oF ORDEPf,2X,15,2X,tIS=1,1rlC.4/)

36 CO.NTINUE
38 ,OPMAT(9X, 'NUMRlEP OF CHANNELS Ol- ORDER' lXvI24,YvmEPGIN, INTO CHA

1NNEL- nr nPDEP',IXI2,IX,'ITS='t2XtT5/)
C
C * SL'EC 1EV THF CHANNEL LENGTHS *
C

nfl 41 I1J,W
NCC=NC (I)
READ(5 880) DCI!)

880 FORMAT115)
C
C * NE IS THE SEQUENCE NUM4BER ASSIGNED TO A CHANNEL ELEMENT OF A *
C * GIVFN ORDER AND CL THE LENGTH nF THIS FLEMFNT
C, ** IF CL IS NOT SPECIFIED IN KILOMETERS THEN CONVFPT IT TO THESE *
C * UNITS
C ***********~**~~** ******************

READ(5,421 (NFIJ)*CLI IJhJ=I,NCC)
42 FOlRMAT(15115,FI0.2))

WPJTFI6 44) 0(CII)
43 FOPMA T (X,'CHANNEL ORDER IS =0,2XvI5f)

DO 140J=1,NCC

C8
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140 CLC IJ 3=CL( [,J I*CF
WRIT F(6 443 U('1(J),PCL( IeJ) PJ=IN(,)

44 F1URMAT( X,'CHhNNFL E LEMENT NUMBENR='1292 X,
l'ELEMENT LENGrTHIKM)=*',FID.3/)

41 CONTINUE
C ***4***********4**44***4***4**
C 4 COMPUTE AVERAGE LENGTH OF CHANNELS OF EACH ORDER P

no 46 I=19W
SUM=,). 0
NCC=NC I I
nn 41 J=1,NCC
SUM=SUM4C'L( I,J)

4q CET 'INUF

4* AL IS THE AVERAGE LENGTH OF CHANNELS OF A GIVEN ORDER 4
c- A*f~ IS THE DRAINAGE AREA OF A CHANNEL ELEMENT.IF THE AREA 1IS
C 4 NOT IN KILOMETERS THEN CONVERT IT TO THESE UNITS
C ** SAMl IS THE OVERLAN11D APEA OF ORDER I 4
C 4 AP(ITI IS THE RATIO OF OVERLAND AREA OF ORDER I TO BASIN AREA *4

Atl lI)=SiJm/ NCC
46 CCNTTNUE

WPITEI6,47) II,ALII),I=1,w)
47 FORMATI5X,'CHANINEL ORDER=',2X(,15 ,2E,'VERAGE LENGTH='#,E1S.3/1

C *4 SPECIFY APEA OF EACHI CHANNEL ELEMENT 4*

DO 50 I=l0%k
ICC=N1C fI )
READI5,BRO) CCII)
PEAflI5,41) INEIJ 1,AC(I J),*J=l, CC)

40 FORMAT (5(I15, F 13.41?1
00 145 J- NCr

145 Ar I,JI=AniI,J)*COEF
WRITEI 6,45)r~rII)

45 FORPMATI9 5X, ' CHANNEL GPMf I S 1 9I/31
WPITEI6,48) IN!EIJI,AC(I IJ?,J=I,NCC)

48 FOR MAT I5X ,'CHANNEL E LEMENT NUMBERP =1 2X, T5,2KX,
I15Y, IAPFA I SO KM)'F 1.0. 3f)

50 CC'NT INUF

C 44 COMPUTE SURFACE AREAS OF CHANNELS OF EACH ORDER AND THEREFORE *
C 4* OF EACH PATH
C *4 COMPU1PTE OVERLAND AREA OF EACH PATH 4
C

n0 56 11,W
SUM=0. C
NCC=NEC I)
no 57 J=1,NCC
SUM=SUM.AC (I, JI

57 COANTINUE
SA( I)= SUM
AP(I I=SA(I)/A

56 CONTINUE
WPITEI6,853 (SAl I),OCCII,AR(I) ,T=1,WI

8 1 FrpMfATIS5X, vAPEA Or PEGIONI SO KM) ='9F10.2,2X, 'OF ORDER=',TS,2Xp,'RAT
110 or REGION: AREA TO BASIN AREA =',FID.4/)

C9
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C ** SPECIFYV THF PATH MATPIV *
C

Wbm= 24'W
WRPI T F( 6,v65 1

65 FOPMAT (5X,' 1THE PATH MAT I X I S AS F OL LOWS/
Do 75 I=1,MS

C ** PATH IS THE PATH 14ATRIX WHOSE DIMENSIONS WOULD BE NUMBER OF *
C ** PATHS X TWFOLD BASTIN ORDER *
C

PEAn(5,61) PAT(I)
61 FOPMAT1IS)

WPITF(6,711 PAT(I)
71 FOPMAT(5X 'PATH=I,12/)

PFADI5t6!0l (PATH(IfJ)'.J=1,WW)
60 EUPMAT(15F5.1)

WPITEI 6ip70 i PATHtI ,JJ IJ= ,W)
70 FoPM5T(5X,1OF10.1J
75 CONTINUE

DC 120 1=1,MS
O 125 J1,tw
IF(PATHIIJ).LE.0.0) GO) TO 125
PA( I)=AP(J)

125 CONTINUE
120 CONTINUE

10 105 I=1,MS
TFMP=1 .0
Mf=?AF( I )
DO 110 J=1IC
PPDD=PC( I,J)*TEMIP
T FM PPPOD

110 CdNT IVUE
PS( I)=TF"P*PAh I)
WP TTF( 6911 5) I.,PSI 11

115 FOPMAT (5Y, I P TH NUMP EP '15, 5XI'PA TH PRORABI L ITY=',rE10.4/1
105 crNTINUF

PET Li~t!
END

CIO
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SUBROUTINE LAGEA,PAR EXKP
c
C ** THIS SUBROUTINE COMPUTES THE RASIN LAG TI'4F **

REAL KB
c
C Sn KS IS THE BASIN LAG TIME IN HOURS **

KR=PAP*A**EX
WPITF( 6 5)A,K1.

5 FOPMATdxSBASIN AREA IN SQ KM =',FI')o3,2X,*PASIN LAG IN HOURS =,
IF 10 .2/
RETURN
END

Cil
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C SIBPI!U'Tr:FHnLD(MiS,W,A,WW,KB,KOPT)
C ** THIS SU13POUT INE CO14PfJTrs HOLDING TIMFS O F OVFPLAN AND CHANNEL *

C ** FLO - Pf-GIONS

D!MENSION K(R(?OJKC(20)1,AL(20? ,NC(20),KK(20) .AP(20, PATH(20,20I.
1PS( 20)

ltTErGEP IN WW
PEAL KD,K?.,KK,KI
CrMtMfl/CNE/AP vNC,9AL
cnm4OKi/Tn/PATH,PS ,KK

C ** SET UP LOGIC FOP COMAPUTING HOLlING TIMES FOP CVFP.LAND) AND0
C ** CHANNEL PEGIONS *

KP(J)=~(2PiJI*A/f2.O*NC(J)*ALIJ)) )**( 1.0/3.D)
KC(J+WJ=ALIJ)**(1.0/3.01

15 CONTINUE
90 21 1=1 W
IF(I .- T. l Go TO 25

1KI= KP(T
WO TO 23

25 KK( I =K(
20 COlNTINUJE

nn 5 1=1,MS
SL~ju=0. 3
00 10 I=I,WW
PK=PAT(,J)*KK(J)
S(iM =SU P K

10 CONTIN'JF
SSUM=S StJll+PT

5 ( r%,TI N) F

C *** OTEP'l INE THE CnEFFICTE 'T AG, APPEARING IN THP HOLDINr, TIME *
C *** PFLATInNISHIP *

Ar-=K f/ SSUM
C ************************************
r DF nTFRII"lNF THE fLflING TI ME S OF OIVEPLAND AND CiHANEL PEGIONS *
C *******s*****************s**********

DO 3) Y=1,iW
TFMP= .D/I KK( I)*AG)
KV I )=TEMP

30 CONTINUE
IF(KO)PT.NF.0)GO TO 50

WP ITF( 6,35 )11KK( 13, 1, W)
35 FDPtAATt5X,'OVEPLAND REGTO!r,X,T5,5x,'HCOLD!Nr, TIME(HOUPS) IS=I,F10)

1.2/)
DO 60 1=19W
WLITE( 6,403 1,KK( !+WI

60 Cflt'T I M f
40 FOPMAT(5X,'CF4ANNEL ORDER IS=1,2X,15,2X,'HOLDINr, TIME HOUPS IS =

IFIO.2/ )
50 Cr'NTIIuE

P FT UPOJ

C1 2
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END

C1 3
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,UPPj T TP:F ITUH IMS4 WWODT,.KOPT I
C
C ** THIS SL$POUTJNF COMPUTES THE INSTANTANEOUS UNIT HYOROGRAPH **
C * USING GEnMOPPHIC FflRMULATION *
C ********tt***t******tt*tt*t

DIMENS 101 PATH(29, 20),vKK120),NKI 20),C (20),201 ,PSI(?01,Ht(2000)
1,PKI?0,?0),TTC 100)0 FAI KK
C~oPmON/TWrlIPATH, PS ,KK
CVMIION!/THR EF/H,NH
INTEGEP WW

C *****************t**ttt** ********t
c *" FTERMINE THE COFFICIENTS C(I,J) FCR EACH PATH. THIS AFOUTPFS te
r t* ANOTHFP DETERMINATION OF MATRIY OF rOFTCIENTS ASSOCIATED) WITH e

** EACH PATH.IN THIS MATRIX ONLY NOINZERO VALUES V ILL BE PETAINFO t
C ***t** *******t***e*ett*e**t** t***f*ttt

KNUMP= 1000
DO 5 11I,MS

DO 10 J=1,WW
iF(RATHIIJ).LE.0.0) Go Trilo
flU! JI-
pvlk IJl= KK(JI

10 CCNT IN UE
'CONTINUE
D0 15 ItlyMS
NKK=1JK I I
TEMP=1 *3
DC P9 J=1,NKK
PPCO)=TEMP*PK( I,J)
TFl'P=PP~n[O

95 CONT INUEF
DC' ') IK=I,NKK
STOR=i .0
10 25) J=1,NKK
If(J.Fr IK) GO. TO 25
JEN,=STF-:* PC( I ,J )-PK C , TV))
STnq=0 N

29 CrNTINUE
CCI,1K )=PFOISTOR

2n~ CO"T INUE
15 C.ON' IUF

C
C Cf* CMPUTE THE UN *S
C

1J= I
HMX0. 0
T=0.*1
HI IJ)=O.O
TT( 11=0.0

45 CflNTINUE
SSUM=O). 0
00 30) I,MS
NKK=NK I II

5lPf~0
0n 'A5 J=1,NKK
PPVD=CC I,J)* EXPC-PKCI,JI*T)*PSCI I

Cl 4
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35 CONT V.UF
SSUM=S SUm'4SU'1

30 CflVTINUE
I J= I J+ 1
H( I J1= SSUM
TT( I J)=T

Hm-N=. 01*HMX
JF(H(IJ).G.KKUKF1) GO TO 40~
IF(H(I J).LT.H4N)GOTO 40
T=T 4OT
GO0 Tfl 45

40 CCNTIN4UF
[F(IJ.LT.101 GO TO 30
NH= IJ
IF(KOPT.INE.0)GO TO g0
DO 190 1=i,MS
NKK=NK (I)
WP!TE(6,60) 1

60 FVR' T (5x @THIS PATH IS '915/)
WRITF(6 86 (P"K(lJ),J=1,NKK)

83 FORPMATX, I PATH HOLDING TIMIES ARE 15X,19FI0.4/)
150 CnN T I K:U

DO 155 1=l,MS
NKKtiK II)
WRITE(6t65) I

69, FflpM.%TLX,'THIS PATH IS 1,15/)
WPITF(6,70) (CLIJ J,J,NKK)

70 FflpM,%T(5X,'RATH C OEFFICIENTS C(IJ) ARE '/5X95E20.7/)
159 CONT IN UE

WRITEL 6,129)
120 FrPMATU9A, THE INSTANTANFflUS UNIT HYDROGPAPH IS AS FtiLLI'WS'//)

C * COf:VERT TIME TO MIN.JTES *

r)n 125 I=1,tlH
12'; TT(I)=TTtl)*59O.3*

MP I TE f 6, 13 0)
1 3r cnPMAT (7X, 'TIME' OX, 'lUll',PX ,ITTMAEI7X IIUH' ,PX,ITIME' ,7X,'IUH',7

IXTE'8 'I WI, TX, IT IME,9X, f111 /I
WRITEC 6,13 5

135 FrPMAT(8X,'MN' 7X 'l/HP%,8X,'MNq RX,'1/HP',SX,'MN',OX,'1IHR',7X,'
1M14 By '1/HP', 1?X MN' 9X,'lIHR'fi
WPITE(6 ,14 ILTL1H (1,1=1 ,NH)

140 F0P?-'.'-5(Fl0.lt2X,FI0.2)1
90 CONTINUE

RET UR
END
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StlBrPUTTNE rl?FrZPNNO,DT,AA,'9Q,08CT,.1

C ** THIS SUBPOUTINF CPTE PINFALL-FYCES AD ANE THE *
C * If'PUT IN A PPOPEP FASHION

DImEfSlnI ITU l0O),IT2(l1'0) DIf1DO)f),TI(1O0l,X(20O0I
1 N F (20) JTQI(10))l Q220 T)?n .C(0 INFO( 201

CPMM)N /Vt'S IPHI
C ********************************** *
c * FAr=2.54, COnNVERSION FACTOR FROM IItCH Tfl rENTIMFTFRS;

***************.*********** ********
FAC=2. 54

REAP****s**s*******.******s**t* ******** I
C ** EARINALIPUT. TIME IS IN HOUP-MINUTF SYSTEM t AND**

C I** TENSITV IN INCHES PEP HOUR **
C ** NNOi= NUMPEP OF RAINFALL READINGS
c ** S= S0PPTIVITY, PARAMETERS IN PHILIP INFILT'ATIrJN MODEL *

I FnpRlAT(15,10X,FIO.41
WPITE( 6,111 NNJ9

11 F(ORMAT(5X,l ', for RAINFALL PEAOINGS',15/)

C ** INF= DATE OF THE EVENT AND THE WATFPSHFD IT OCCUPEn r!N *

RFAD(5, 31 (INr( I), 1=1,20)
3 FrPMAT(20A4)
WRITE(6,3) tINF(I),I=1t2iI

C PV'nL= VOLUME flF FAINFALL AND QVCL= VOLUME OF SUPFACF RUNOFF *

PFA)(5 5,518!, PVfL,OVOL
518 FORM A T 2F I .4)

PVr1L=P VCL*FA(C
0Vr L=0VfnL* FAr
WDITF(6,616 I PVrlL,OVOIL

6 1 FF r0l AT (5 W,'p ATNF ALL VOLUMF I F ',10. 495X , I UCFF VOL UME I S I F 11.4

C * IT1= CLfJCK-HOUP , 1T2= MINUTF AND 0T= RAINFALL INTENSITY **

READ 1 5 ,2) ITt1) ,I T2 (I), 1(12, 1=1, NNO)
2 FORMITU41215,1 10.4111

DO 700 I=1,NNQ
700 QI(II=Ql(Ii*FAC

WR I TFl6,7)
7 FOPMAT(5X, , TIME',3Y, 'INTFNSITY',4X,'TM'F',3X,IN TENSITY',4X,'TME

1,3Xt'TNTFN~sTTYI'4X,'TIMFI,3XOINjTENSITY'/I
WPITc7 (6,8)

P FOPMAT(2X,'HC:IJR',IX,'MIN'l,4y,'CM/HR',3X,'HOUlPI,1X,'Ml.',4X,'CM/HR'

WRITE! 6,2) ( [Ti 1,1 T2(I 1,QI(1), I=1,NNQ)

Cl t** DEDUCE CLOCK-HnUP TUAIFS TO ABSOLIUTE TIMES IN SECOND)S *
C B* EGINNING WITH ZFRO *

C1 6
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C ** CHANGF TIME TO SECONDS *
C ***************** **************

TI 11=0.0
DO 12 1=?,NNQ
IFtITi(I - ITI(I-1)) 14,13,14

13 Ti(!)=(1T211)-1T211-1))*6.6tT(-I
GO TO 15

14 IF(IT11T) - IT1(1-1)) 17,17,16

GOl TO 15
it 24-IT 1(1-1)-i J*3600.0+0

15 CONTINUE
12 CO.NTINUE

00O 21 1=1 NNQ
21 71(1)J= TII/60.0

TTF !N=TI(NNQI
WPITE(6119)

119 FOPP4T 7XTIME,3XNv NSTY,4 TtMFO3X'
193XifPJTEYJsTTY4X9 TME',3XqSINTENSITY' 3qITEST/4i#I~

20 FOR MAT (c)X, l MN' ,6X 'CM/HR',6X,'MN',6X,'CM/HP.',6X,'MN',6X,'CM/HPI
I1'6X, #MN# 6Y, CM/(* fI

18 FOPMAAT(4(F1O.1 ,FlO.4))
C
C ** COMPUTE VOLUME OF RAINFALL ((r4 **

VPAIN=0.0
00 135 L=1,MF!Q
VPAIf=VRAINl+(Ql(I)*(11(141)-Tli())/60.0I

135 CONTPNUF
WRIT[t 6t 140)VvAltN

140 FOPrfAT(5X,'CO)MPUTED VOLUME OF RAINFALL ICM)=',FIO.3//)
C S***********************************

r * PEA) rPSEP.VED FUN'FrF INPOT , TIME IS IN POIJP-VYN)JTF SYSTE"A
r. *** n PIJRUNFF IN INCHFS PFP HnUR
C ** N60~= NUMREP OF RUNOFF REAOIN,;S

PEAD(5,41 ?100
4 FOR MAT ( 1)

WPITE(6,41) NQQ
41 FflPMAT(5X,t Nn OF PUP',FF REA3INGS 1,15f)

C **********************************t
C ** INFO= DATE OF RUNOFF EVENT AND THE WATFPSHEi IT OCCUPFD ON '
C **********************************

PEADI5t5) (INFQ( I bI=1,20)
WITEC 6, 5)INFQI 1) 1=1, 20)

5 FORMAT12OA4)
C
C ** JTOI= CLOCK-HOUR, JTQ2=MfNUTE AND 008= OISCHARE
c *****************************

REAnItS 6) (JTOI(IIJTO?(I1,QOB(I),I=1,NQOI
6 FORM ATI(4(219,FIO.4)))

DO 7-15 [I,NQQ
705 QOB(I)=OOB(I)*FAC

C17
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WP 1TF 16 Q)
9 FOnpMAT( x,'TIME' 6X,'RUNIOFFI 4K 'TIME',6XRINOFFO,4Y,'TAMF#,6X,
1'PULNIF,4x T1,4,6,RUNOwI./
WPI TE( 6,81

C
T~f 110. 00
DC' 55 1=2#NO
IF(JTQI(!) - JTQ1(J-1)l 52,51 52

51 TOU)()=fJT2(1)-JTQ(--1))*60*T6( I-I)
r'. TO 53

52 IFIJTC1IJI - JTOI11)) 56156 54
54 TOtI)=TC!-1I*60*JTQ2t1)+(66--J1Q2fil)1*6O)+3600*(JTO11tl-JTQ1(1-

11)- 1)
.,n TV. 53

56 TOI I)=TQ(I-1)+60*JTQ2II)+360t2*JTQl(I)t60*160-JTQ2( I-1) )(24-JTQI
1(1-11-11*3601

53 cnNTINUF
55 CONTINUEC

C **' Sr"T OUT THE PEAK RATE OF RUNOFF [OBSEPVED *
C t r 80f=PEAk RUNOFF *

JP= I
090O=009R( )
nn 25 1=2,NOC'%
TO( I )= T(' 1 )/63.0
IF( 'O(TOEI) GO TO 25
OBQ=QOB( 1)
JD=!

25 CONTINUE
OSQT=T ((JP I
WP~I TFl6,27)

27 FUrM (XITFXftIOF,7IIEXIII;FIb~T-96~
1QU'flFF ',6X ITImE', 3X,'F'iW'FF 1/1

26 FfpPMATt8XU 6X, ICm/HP #7X, @W!',6X,ICM/HPI,7X,OMNI,6Y, @C?A/HRO, 7
IX#,''9,6X, SCM/HP'/ I
WRrTrt6,18)(Tr)(1JOOR(12,I=I,NOQ)

C **:**Cf*mPUTE*VOLUMEOF* SIRFACE*PUNOFF(CM) **

VRU~nOF= ).
DO 145 1=2,NOQ
VPUtIO)F=VPUNOF+(ae(I,.Q0DI-1I)..5*(TQ(I-TQ(1-1?)/60.o

145 CONTINUE
QVOL=VRWJlOF
WPITF(6 150) VPUflOF

150 rnpMAT %X,9COMPUTEO VOlLUME OF SUPFACE PUNOFFICMI=',rlD.4/)
C
r * CHANGF PuNnFr To CUBIC METERS PEP SrCOND *
c ***************t**********

DO 715 ItNOO
715 QtI)~lQr'D(T)*A*I00.O/36.)3

WFITF( 6,27)
WPITE( 6,720)

C1.8
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720 FfPM'AT (8X, OMNI,6X OCUp/Se,7X,OMNIt6X,.CU,/Sv 97X,pOMNI 6, 'CUM/,

l7iT 'M(,6X I'CUmISl/)
WPTEl 6, 18I (TQ( I ,QO9CI 1,l=I,NOO)

C *** CO)MPUTE*INFILTRATION*LO.SS,AND SUBsTRACT IT FROM RAINFALL **

DO 115 1=1 NNO
115 TIC I1=TICI 1/60.0

CALL NEt-.T.N NNQ,QVOL,S,AA)
WR ITE( 6,125) S,AA

125 FOPMATC5X, $PHIP PARAMETER SlCM/SOPT(HP) 1=',FIO.4//%Xt,'PHILIP
1PAPA'AFTER A(CM/HP)=',FlO.4/)

CALL INFILCNNQ,S,AAI
C
C **DETFRMINE THE PAINFALL-EXCESS VOLUME(CM) *
C **********s**s**** ********

VFXC ES =0
DO 69 1-1 MNQ
P1055= (PHlI) 4.H!C 1+1))*0.5
QIC I)=01lI)-PLOSS
I FIQIC I).LT.0.0O) 0!! )=0.0O
TEMP=T IC1+1)-TIC!)
VEXCES=VEXCES+QI CI *TEM4P

69 CONT14UF
QIC NNQ 1=0.00
NNQ=NN 0+1
TIC NnOI=TI (NN0-I)+0.5
01INNO 1=0.0
WRIT Fl6, 130) VEXCES

130 FORMATM#X'COLIPUTED VOLUME OF RAINFALL FEKCESSICMI=',FID.4/1
DOr 120 !-1 MN0

120 TIC l)=TjCII*60.0
WRITEC 6,627)

627 FOrMAkTC5X,'RAIN INFILTRATION IS AS FOLLOWS '/I)
WRITEC 6,110)

1' N F IL 7, ,TIME, 4X , ' '!F I L,7l TI) '4 NI' 6v'IE X
WPITE! 6,26)
WRITEC 6,1R1 (TT(I I,PHICI),=,NQ)

C *** ADJUST THF TIME SCALE *
C

IF( Q 1( ) - 0.01) 92,92,91
91 IFITYINNOI - TTFIN) 9399300
93 NNQ=NNQ4I

TICI NIQ )=TT F IN+10. 00
Of C NNO) =0. 00
GO TO 90

92 CONTIN4UE
IK=0
IFRP=O
DO 76 I=1,NNQ
I N=
PTMP=QIC II
TEC PTM4P-l. 03) 76,76,77

77 IK=IK+1
TMP=TI II)
Qfl TO 78

C19
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76 CflNTINUF
79 Cr'NT INM'F

IFI IK.EC.0 I IFPP=- I
IF( IEPP.Ct .- I) GO TO 23
DO 79 t=IN,NNO
PTMP=Q 1(I
011 [K) =PTMP
TIC IK)=TI(lI)-TMP
1K=IK+ I

79 CONTINUE
QIC IK)=O.OO
TIt1K3=TJ(IK-I34j0-32Y
1K-'IK+ I

TIC [K) =TI( 1K-I) +10.00
NNQ= 1K

90 CON T INUEF
Cr
C ** SnRTOUT THE PEAK RATE OF PAINFALL *
C **QI!AAX= PEAK PAINFALL INTENSITY
c

QIMAX=rI( 1)
n0 22 1=2 1 40
lFfII1AX.GT.0JIfl) GO TO 22
QIMAX=QT(! I

22 CONTINUE
C WTET( 6,241 Q!MAXOBO
c 24 FORMAT(5XP*PFAK RAINFALL INTENSITY (C1/HPI *tF10.412X *PEAK RU04OFF
C 1(CII/HP )*, 10. 4 )

23 CONTINUE
WPITE( 6,628)

678 FflIMAT(5Y,PAINFAL-EXCESS IS AS FOLLOWS 1I/)
WP I'F( 6,191
WPITF( 6,20)
WPITr(6,lQ)(TI(IbOI1(1),I=1,NNQ)
WPITrj 6,160) TUP

160 FrPMr(5Y, 'LA, TIME BETWErN THF START OF PAINFALL AN,) TH47
1FFFFC:TIVF PAINFALL(IN=,t./

E T UrJ
FN0

C20
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S1USPOJTINE XOAkTA(NNQNXMPDT)

C THIS SIOR OUTINE C OM PUTES THE RAINFAL L EXCES S A T EQU aL *
s* TIMF INTERVAL *

DIMFNS ION 0I( 100lTI (I00),X(20001
COMMON/VS/TI 901
commOn,4vsI/x

C DF PF!NE LIMIT OF COMPUTATION *
C.

DO 41 !=1,NNO
Till) = TI , 1)/60.0

40 CONT INUE

Q1 fNNO41 )=O. 0
TI(NNQ+1 1=Tj(NNQ)*500.0*nT
NXM=TI (NN )/OT+1.0
IF(NqXM.LT.NMAX) NXM=NMAX+15
TC= 0.0
KK= 1
00 60 1=1 NXf-
IFI'tC.GTAIl(KK)) GO TO 65
GO TO 70

66i X(1i=( (TI(KKI-(TC-OTIJ*CT(KK)+(TC-TI(KKII*QI(KK*1) hOT
KK-KK+ I
GO TO 75

TO X(!I=Or~iVK1
75 CENTINUE

TC-TC*PT
60 CONT14UJE

RET URN
END

C21
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C SIJITPr'UTIf:E NFWTPN(NNQYEXCE.SvX3,S)
c *** THIS SURROUT NE Cr1MPUTES THF S PPTIVIT PAP MFEES IN THE *

C ** PHILIP TWO-TERM INFITTATION MfnUEL.

DIMM'SICN TT( 130),01 1100),PHI( 1003
COMMONJ VPS /PHI
CfMMC'4/VS/Ti.0O
X 1='. 13
X22.5

KO)UI!T=0
10 rCNTINUE

CALL TNE1LffM'Q,X1,R)
MNMQ=NN 0- 1
VEXCES=0.0O
DO 60 T=1,MNQ
AVG=IPHI(1).PHI(I+lfl*0.5
OTFQO (T)-AVG
!F(DIFQ.LT.0.00) DTFQ=0.00
VFXCES=VFXES+IF*(TI(I1)-TI(T)3

60 CONTINUE
FXI=VEXC.ES-YFXCES
CALL INFTL(NNQ,X2,B)
MNQ=NNQ- I
VEXCES=O .00
DO 55 1=1 MNO
AVG=(PHT(l3+PHI(r+t31*0.5
DIFO=OT(I 3-AVG
IFIDYFr.LT.0.n0) DIFO=0.30
VEXCES=VXCES+[Q*(TI(I+1)-TI (133

5r CONTIkjUE
FX2=VEXCFS-YEXCES
DEX=Fx2-rx I
TF(DEX.N[.E.O33) GO TV 6
X3s 2.0*X2
GO Tr 7

hCfPT T%'IUr
X3=fX* 2-X2*FY1)OFX

7 r.nNT INUE
FPP=ADS((YFXr'S-VFXCrS),YEXCES3I
KOUNT=K'UtNT+,
I F( ERP.LT. 0. 01 ) GO TO 25
IF (VOUNT.GT.23) GO TO 33
X1=x2
X2-X3
GO TO 1)

30 CnNTINUE
WPITFI 6,3b)

36 FORPMAT(5X,'EPPOR IN THE LOOP AND NO C:ONVEPGENCF'/)
25 CONTINUF

RET URN
IEND

C22
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SUPiRntTINE INFTLINNQtS,Al

** T1HIS SUBROUTINE CO MPUTES INFILTRATION USING THE TWO-TR **
C ** INFILTRATION MODEL *

DIMENSION TIIIOOI,PHI(100I
COMMO4G/VS/T!
C PM14 O / VP S/PHI

c ****************t**
r * TWPAAEES AP S AND) A **

C
DO 5 1-2 NNC'
TEMP=T 11 1)
PHIC!)-' 5*S*TEMP**(-O.51+&L

5 CO)NTINUE
PHIl (1)=PHI (2)
RETURN
END

C23
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SU POJT"!nr RPnSEN(N,MST IPT, EPS NOBSI
DIMENSiCE ) FlBJ 1BIOIC1I,0 1 15 ),IS(1) ,XE1OI,Y(10),Z(1O),lxm~lO)vYL( 101,5 1 OVNP 110
CnMMON/DAQA/X, XL,X4
COMmN/RPnS ElY

C THIS PROGRAM SOLVES CONSTRAINED MINIMIIATION PROBLEM, WHICH 5,5
C REQtUIRES THAT THE VECTOR ALWAYS RE AN INTERIOR POINT OF THE *5
C FFASIRLE SET
c THE SOLUTION TFCHNI')U[ IS A MIXED APPLICATION OF ORIGINAL *5,

C ROSENBRfCK MFTHOD, PALMER VERSION AND PENALTY FUNCTION METHOD ,5*
C THE IISF. MUST SUPPLY A SUBROUTINE OBJFCT(VALUF,Nr)BSN) FOR 5,5

C EVALUATIN
, 
OF THE OBJECTIVE FUNCTION ***

C THE USE. MUST ALSO PROVIDE THE FOLLOWINS INFOPMATION ,..
C N= NUWREP. OF VARIABLES * **
C X(I )= If'ITIAL GUESS OF 

T
HE VFCTnR * *"

C XM(I)= LIPOEP LIMIT OF THE PARAMETER X(I1 *5*

C XL(IJ= LOWER LIMIT OF THE PARAMETER X(I) 5*

C EPS= CONVERGENCE TOLERANCE BASED ON THE CHANGE OF OFJECTIVE 5*5

C FUNCT ION *

C MST= MAXIMUM LIMIT OF NUMBER OF STAGE SEARCH *,*
C IPT= 3 ONLY THE FINAL ANSWEP IS DESIRED TO BE PRINTED *5
C IPT= 1 INTERMEDIATE VALUES OF EACH STAGE SEARCH IS DESIRED 55*

C TO BE PRINTED *
C IPT= 2 --- INTERMEDIATE VALUrS OF EACH CYCLE SEARCH IS DESIRED **
C TO BE PRINTED *
C SET INITIAL STEP LENGTH AND DIRECTION ***
C 555 5555sssssssn t*5 ttt s tSts5* 4*s **

DO 1 I=1,N
D 1)=O.*Y (I
YV I )=X( I)
DO 2 J=I,N
S( I,J)=O.
IF(J.EQ.I) S I ,J)=l.

2 CONTIt:UE
1 CONT INIUE

C STAPTI:cG rf STAGE SEARCH *5*

NS=- I
fNEF=1
CALL OSJFCT(VALUENOPS,N)
PO=VAL UE

3 NS=NS+ I
OpJ=oO
DO 4 I=1,N
NRC 1|=0
IS(I I=O

Z(I =0.
4 CONTINUE

IF IPT.!_O.0) GO TO 5
WPITEC 6,650)

650 FOP MATI/ 40X, 40H55555,*55**St, , u't,,t,= t5**tt== w5***tS*==555**I

WRITEI6,604) NS
614 FOF'ATC//4X,I8HSTAGE SEAPCH ----- ,151

c STAPTIN, OF CYCLE SEARCH (WIITHOUT CHANGING SEARCH DIRFCTION) *5

C24
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9 NC=-1
6 NC=NC+ 1

DO 7 I=1,J
1CON4=0
[Ewfl( I )

32 00 8 J-1 f,
V(j )=XiJl+O~x*S( I,J)

C CHECK( IF IT IS AN INTFRTOP POINT nF THE FEASIBLE SET **

IFfY(J).LT.XL(J) nOp.. Y(J).GT.XM(JDi ICON=l
P CONTINUE

IF! ICPN.!E.11 GO TO 25
OMIN=1 .OEIO
DO 26 J=IN
[F(51 lJ ).FO.').) GO Tn' 26
IF(Y(Ji.GT.XL(J)) GO TO 30
DD=AFSl((X(Jl-XL(J)3/SlI,J)l
T~iDD.LT.DMWr) DM!N=DO

30 IF(Y(J).lT.XP4(J)) GO TO 26
')D=ARSU(X(J)-XM(JI)/S(IJfl
!F(D.LT.OMIN) 0P4!N=D)

26 CONTIMUE
IF! OX.LT.9.) DMIN=-DMIN
DX=rTAI N
ICON=2
GO Tr, 32

25 NEF=NFF+l
CALL C)8JFCTr(VALoiE,NOBSvN)

C CHECK I F THE VALUE OF OBJECTIVE FUNC.TION IS IMPnVED

IF(VaLUf-.GT.'O) GP TO9

C THE VALuJE OF O8JiTCTIVE FUINCTION?' 15 JMPPOVEO) (SUCCFSS)

Pn= VAL UE
IF( TCCON.!r.2) (', TO 31
[U( 1S( I).NE.2) IS! 11=l

D(1 )=3 .*[P( I
r Tr 31

33 ZII IZ II I # DAIN
0(1 )=-OMIN-0.5*D(I
IS! I =2

31 DO I) J=1,N
XtiJ)=V Jl

10 CONT [PJLJ
G. TO 7

C 
*C THC VAL UE O F 0 sJECT IVE FUNCTION IS NOT IVAPRnvED (FAILURE) s

C
9 IF! IS! I .EO.1) IS! 1=2

Oil 1=-0. 5*0( I
7 CONTINUF

C
C ENDOFo CYCLE SFAPCH
C *** *********

C2 5
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IF( I PT MNE. 2) Gfl TO 11
WPRITF:(6, 605) NC

tO5 FBRMATI//48X,IRtHCVCLE SEARCH -- ,15)
WPITF(6,6061 PO

606 FrPNUT(//34X,3'HTHE CURRENT OBJECTIVE FUNrTIC1J =,E2O.8f//r0X,2IHTHE
1 CURRENT VECTOR IS)

C CHECK IF ALL THE SEARCH DIRECTION HAVE FAILED AT LEAST ONC.E *
C FOLLOWED BY A SUCCESS *

11 IFT=0

IF! IS! ).f'E.2) IPT=I
iISiI I.EQ.OI NRI Ij=Nr,(!I I*

12 CQNTImuF
00 34 I=1,N
IF(NPII).LT.4) GO TO 35

34 CONTINUE
GO TO 14

35 IF! IPT.FO.1I GO TO 6
C
C END rF STAGE SEARCH **
C

IF!IRPT.EO.O) GO TO 13
WR ITEI6, 65 0)
NC =NC.+ I
WPITrf6,607) NC

607 FGPMAAf(//41X,3OHTOTAL NUM4BER OF CYCLE SEARCH =,I5)
WPITE(6,606) P0
WRITTF(6,t031 (XII,I=IN)

C
C CHECK IF THE RESULT IS SATISFIED WITH THE pPEASSIG"IEV) CONVE~RENCE **
C TnLFPAN4CE s

13 IFUOB~fJ-PI).LC.EPSP GO 'TO 14

C Ci-irrv IF THE NUMB,,ER rE STAGE SEARCH GDE TEP THAN ASSIGONED) LIMAIT e*

IE(NS.LIAK'STI 0, Tf) 15
WPITE! 6,$ ciO)
WR I TE 69639) flST

608 FOPMAT(//40X,IRHDn NOT CONVERGE IIN,I5,5X,I4HSTAGE SFARCHES)
WRITE! 6,606) PO
WPITEI6,6l3) lX!I),I=1,N)

603 FOrpmAT12F1O.4,FIO.1)
GO TO 700

C *** **********************t***
C CALCULATE NEW SEARCH DIRECTION FOR NEXT STAGF SEARCH **
C PAL MrRS VEPSION IS USED TO COMPUTE THE NlEW DIRECTION **

15 DO 17 I=l,N
SUM A=0.
DO 18 J=10N
E J 1=0.
on I" K=I,N4
E(J)=E(J)+Z(KI*S(K,JI

19 CrNTINUE

C26
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SUrIA=SUtiA+E(jJ**2
18 COnITWKUE

AA=SQPTI SUMA)
IF(AA.EO.O.) GO TO 3
!F(T.EQ.t) GO TO 20
IF(ABSCZI-11I.LF.FPS) GO TO 27
DA= I./ SrPT(APk**2-AA**2)
RA= AP/ AA
CA=DA*RA
CB=OA/RA
DO 21 J=1,N
,C(J )=S (I ,J
S(I 1 =F(J J*rA-8(J )*Cft

21 CrNTINUF
GO TO 23

20 DO 22 J=i,N
C(J)=Sf ,J)
Si1 JV=F(J)IAA
Ek Jl1 =F(IJ)

22 CONTINUE
Go iO 21

27 DO 29 J=1,N
CT~tl-SU II

8 1J I =E I J I
2q CONTINUE
23 AB=AA
17 CONTINUE

GO TO 3
C
C A M!NTMUA HAS BEEN FOUND n
C.

14 NS=NS+1
WP Ty 7 , 6)

w17 p 6, 60 9) M StNE F
6bjq Frf'tAT(//4PX,24f1A MIN!M~lp HAS DEE; C01)'D//41X,-AHT('TAL tJ'8F:P OF S

ITAGF SFAFEN =,15//39X,37HTOTAL NUMOEP OF FUNCTION EVALUIATION =,15)
WPITr( 6,610) Pe

610 FrPMA-(I//38SX,23HOPTPIIZATION FI*JCT!ON =,E20.8//50X,15HFINAL VECTOR
1 IS)

700 CONT ' *UE
P FT UPN
END

C27



RZEL EAS E 2.,0 LWNV OL r)TF = A313:1 ?3/13/?9

supRrUTIIJF (nNVr'L(DT,NXM,QPP0PT,KOPT,N)

** THIS S UROUTIN4E cfiNVOLUTFS THE PAINFA tL I ESS WIT H **
C ~ TPE INSTANTANEUUS UNIT HYDPC'GPAiPH TO DFTEPMINE THE *

C * 0 IRECT RUNOFF HYDPOGRAPH**
C ** *****************************

DIMFNSICN H(2000).XI2000IY(2C00,TYpOOO)1
CrOM.'N~/THP EEIH,NH
(COmmnN/VSX/X
KNtHP= 200)
NHA =NH +
N HP =NH +t Y
IF(NHB.GT.KNUM B) NHR=KNUMO',
NYM=?MH F-I
DO 30 I=NHA,NHR
HI I I =0. 1

30 CONTINUE
MXM=NX M+
nn 13 I=MXMNHB
X(I)=3 .0

10 CnNT INUE
TC=0 .3
YMX=0. 0
YB=-'xO
Or 19i 14=1,NYMI
TC=TC*OT
Y(N)=D.0
TY N )= TC
J=N'
IF(N.tT.NXMI J=NXM
D0 40 I=1,J
14=N+1-T
Y(N)=YI"!).X(IU*HIIAI

40 CONTTJUF
YINYN) t *DT
I F( YtX. LT.VY( : )I YMX=Y N)
YtmN=0). 01- YPmx
Noy=
IF(N.5E.KNUMF) GO TO 45
IF I y14 ) .LT .Y MM.A ND.N.GT. 21) GO T 0 45

35 CONTINUF
45 CONTINUE

DO 5 11,tNOY
TEMP=TYVINOV41-!)
TYC NOY-1+21=TEMP

5 CONTINUE
TY(I 1=O.0
tNCY=NDY.1
DO 15 [I,NO)Y

15 TYIU1=TY(I*60.0
C **************** *****************
C 4* SnFT OUT THE PEAK RATE OF SURFACE PUNOFF AND ITS TIME OF **
C 4 OCCURPEMCE *
C **********************************

(QP=YfI 1
Or 57) !=2,NOIY
IrIO)P.GT.YII)) UQ TO 50
OD=V(I
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PFLFASE 2.0 ~ r 0 NV CL nr= 831?22/ 12

50 CnNTIUF
QPT=TY( I P)
1F(KrPT.F .OIGO TO 60
WRITE( 6, 145)

145 FOPP&T (Sys THJ SUPFACE RUJNOFF HYnROGRAPH I S AS FCLLOWS'/fM
WPITF( 6, 150)

WpUrITF6 15 i fMFI, 5X,IRUN~rF* f)
155 I 71615

WRITE( 69 163) (TYUJ), Y(J) ,J=l,10VY)
160 FOPMAT(4(FIO.I 2)(tF1 311

f * CHANGE RIiNOFF TO CIUhIC MFTFPS PFP 5FCfl'D *

FAC=A* 100. 0116.0
Do 170 1=1 NOV

170 VIT)=Y(IJ 4 AC,
WP1TEt 6,150)
WRITF( 6,175)

175 FORM AT ( PX, IMNU7 'CU14/S I , 7X,'M1H',XPC CJM/ S t .XA," 9 ,P XI 'UI/S I

60 CONTINUF
P ETU P N
END
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MILITARY HYDROLOGY REPORTS

Report No. in
No. Series Title Date

TR EL-79-2 - Proceedings of the Military Hydrology Workshop. May 1979
17-19 May 1978, Vicksburg, Mississippi

MP EL-79-6 1 Status and Research Requirements Dec 1979
(Military Hydrology 2 Formulation of a Long-Range Concept for Streamflow Jul 1980
Series) Prediction Capability

3 A Review of Army Doctrine on Military Hydrology Jun 1981

4 Evaluation of an Automated Water Data Base for Nov 1981
Support to the Rapid Deployment Joint Task Force
(RDJTF)

5 A Quantitative Summary of Groundwater Yield, Depth. Mar 1982
and Quality Data for Selected Mideast Areas (U)

6 Assessment of Two Currently "Fieldable" Geophysical Oct 1984
Methods for Military Ground-Water Detection

7 A'Statistical Summary of Ground-Water Yield. Depth. Oct 1984
and Quality Data for Selected Areas in the
CENTCOM Theatre of Operations (U)

8 Feasibility of Using Satellite and Radar Data in Sep 1985
Hydrologic Forecasting

9 State-of-the-Art Review and Annotated Bibliocraphy Feb 1985
of Dam-Breach Flood Forecasting

10 Assessment and Field Examples of Continuous Wave Jun 1986
Electromagnetic Surveying for Ground Water

11 Identification of Ground-Water Resources in Arid
Environments Using Remote Sensing lmagu-,-y

12 Case Study Evaluation of Alternative Dam-Breach Nov 1986
Flood Wave Models

13 Comparative Evaluation of Dam-Breach Flood Fore- Jun 1986
casting Methods

14 Breach Erosion of Earthfill Dams and Flood Routing
(BEED) Model

15 The Seismic Refraction Compression-Shear Wave Nov 1987
Velocity Ratio as an Indicator of Shallow Water
Tables: A Field Test

16 Assessment of Shuttle Imaging Radar and Landsat Jun 1989
Imagery for Ground-Water Exploration in Arid
Environments

17 A Quasi-Conceptual Linear Model for Synthesis of Jul 1989
0 irect Runoff with Potential Application to Ungaged
Basins

Unnumbered Proceedings of the Ground-Water Detection Workshop, Dec 1984
12-14 January 1982, Vicksburg, Mississippi


